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WASHINGTON: 

GOVERNMENT PRINTING OFFICE. 

1894. 



Extract from act of Congress entitled ** An Act To anthotize the Xetr York and Xew 
Jersey Bridge Companies to construct and maintain a bridge across the Hudson Ixiver 
between Kew York City and the State of Xew Jersey," ajtprored June 7, lS9i. 

Be it enacted by the Senate and House of Representatives of the United States of America 
in Congress assembled^ That * * * the Freeident shall appoint a hoaicl, conHist- 
ing of five conipeteut, disiuterested, expert bridge en^iueers, of whom one shall l)e 
either the C'hiof oJ Engineers or ayy member of the Corps of Engineers ol the ITnited 
States Army, and the others from civil life, who shall, within thirty days after their 
appointment, meet together and, after examination of the question, shall, within 
sixty days after their first meeting, recommend what length of span, not less than 
two thousand feet, would be safe antl practicable for a railroad bridge to be cou- 
strncted over said river, and file such recommendation with the Secretary of War, 
but it shall not be final or conclusive until it has received his written approval. In 
case any vacancy shall occur in said board, the President shall fill th« same. Tlie 

•re- 
shall 
and 
be 

construed as preventing the said board of engineers from meeting, investigating, 
and filing their recommendation alter the expiration of said time herein mentioned. 

MEMBKRS OF BOARD APPOINTED BY TUE PRKWDKNT. 

C. W. Raymond, Mr. W. H. Buhr. 

Majofy Corps of Engineers, U. S. Army. Mr. Theodore Cooper. 

Mr. G. BousCAREN. Mr. Geo. S. Mori son. 
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K K V U K T 



OF 



BOARD OF ENGINEER> ON NEW YORK AND NEW 

JERSEY BRIDGE. 



Office of thk Chief of Enginkerw, 

Umtei) States Army, 
Washiiif/ton, J). C, iSeptemher ^'J^ lt<94. 

ISm: Referring to report, djited August 23, 1894, by the Board 
appointed under tlie provisions of the act of Congress of June 7, 1804, 
to consider length of span of proposed bridge across Hudson River 
between Fifty-ninth and Sixty-nintii streets, Xew York City, I beg to 
recomnieud tiiat ."MK) copies of the report of the Board be printed at; the 
Government Printing Ottice. 

Very respectfully, your obedient servant, 

Tnos. Lincoln ('asev, 



Hon. I). S. Lamont, 

/!<reretarif of War. 

Approved: 



/;///7.- Oen., Ch kf of Entiineers. 



Daniel S. Lamont, 

Secretary of War. 



BERATA. 

[Report of Board of Engineers upon Kew York and New Jeney bridge.] 
tage 51. Lines 2 and 7, for Mx read M^. 

Page 51. Line 5 from bottom, for M'=— 1)|(«— «) read M'=— jjg Q^I— «) 

Page 52. Line 7 ftom bottom, for -y- read -|- . 

Page 53. Line 9, for the end A read C. 

Page 53. Line 13, for w read ^. 

Page 54. Line 6, for ^ n»^ 



Extract from act 0/ Cougrm enlilM ".In Act To authnrUr lie Xrv York aiiit .\e»- 
Jtratg Bridge Companiet to eottitrml aud naintain a Inidjit arromi iht Hndaon ttiier 
httitttn NtH} York City awrf the State of <\>ip Jerttg,'' ajijiraitd Jane 7, ts^r. 

Bt iteiiafted bg Ihe Senate and HoHBtaf BepruetitaUranflke I'niled Statetof .Imerka 
in Coiigreei a»iembled, Thiit " ■ ■ the Presiilciit nliiill iipixiliil ii buuvil, coimist- 
ing of live voiiimttMil, ilieiiiteri'Rteil, oxpert briilgo enttiueeTB. of inrlioiii oni« shall lie 
either the Cbiof nd KiigiiieerB orauy nivmberof tooCori>«"f '''■■KIKM^th"' ""> I'nitoil 
StattB Army, ami tlie othcra from oivil life, wUo Bliall, within thirty tluyti niter tbtir 
Ri'puintiiieut, meet to(;etber ami, after exnuiiuatiou of the iiiiuHtioD, bIiqII, ivilbiu 
sixty iliiys anriT their lirvl uieefiiig. reroiiimciid what leiiKtb of Himn, 110I leHH Ihnii 
two tboiisnud feet, would bo safe ami prartirable for a, railrunil briilKe to be vm- 
■trncteil over Haiil rivvr, auil file snch reconimcndatioii with the Srcit'tnry of Wnr, 
but it shall uut lie final or roiichiBivo until it has rcoeivrd his writt(>ii Mii|irovnl. In 
COM nu.v vncBDuy Hhntl occur in anid bonril, the I'reaidciit Mhall lill th>> luiue. The 
cotopetiHatiou and eztirnBeH of said board of en^iieem dliall b* flxiil by lb.? Seitv- 
tary of Wur and pmhI by the ekid bridge colI■paIli^^ which suid coiiipniiiva ehull 
deposit with the Secretary of Wiir nnib •iim of iiiiuii-y as he uiuy deitiKniite ami 
require fur hiicIi pnriiose; I'locidal, alaayi. That uothiu); liert-lu coutained nhall be 
coiiatruod as preveutiiiK the said board of pi));incvrii from unictiii);. invcHliifalinK. 
and llliug their recoiiiiueudutiou ntler the expiration of suid time liorcin ineiitioiied. 



C. W, Raymonu. Mr. W, 11. BiiiR. 

ilajor, Corps of Engineer*, U. S. Armg. Mr. TuEor.OKK Cooi'kj 
Mr. a. DOU^CARICK. M- 1:^.. a. M..^......- 




REPORT 



OF 



BOARD OF ENGINEERS ON NEW YORK AND NEW 

JERSEY BRIDGE. 



Office of the Chief of Engineers, 

United States Army, 
Washington^ I). C, September 29^ 1894, 

Sir: Referring to report, dated August 23, 1894, by the Board 
appointed under tlie provisions of the act of Congress of June 7, 1894, 
to consider length of span of proposed bridge across Hudson River 
between Fifty-ninth and Sixty-ninth streets. New York City, I beg to 
recommend that ijOO copies of the report of the Board be printed at the 
Government Printing Office. 

Very respectfully, your obedient servant, 

Thos. Lincoln Casey, 
Brig.' Gen., Chief of Engineers. 
Hon. D. S. Lamont, 

Secretary of War. 

Approved : 

Daniel S. Lamont, 

Secretary of War. 



REPORT OF BOARD OF ENGINEERS. 

New York, August23y 1894. 

Sir: The Board of Bridge Engineers appointed b}r the President 
under the act of Congress, approved June 7, 1894, authorizing the New 
York and New Jersey Bridge companies to construct a bridge across 
the Hudson River, met at the Army Buihling, New York City, on Mon- 
day, June 25. 

Your Board organized by electing Maj. C. W. Raymond, Corps of 
Engineers, U. S. A,, chairman, and Mr. Cooper, secretary. 

\'"our Board began the examination of the question submitted to them 
and gave it careful and continuous consideration up to the present 
time'; they have liehl 29 regular meetings. 

Y'our Board personally visited and examined the site of the proposed 
bridge as defined by the act. 

They applied to the New York and New Jersey Bridge companies 
for their surveys, borings, plans, estimates, and av\c\jL ^^Xj^rs^ ^\a^^^ ^^^a. 
referred to the proposed bridge. T\ve ^\vc\^^^ ^w^ X^wlw^ '^^^x^o^s^'^^ 
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upon this application having been made for a former location not within 
the limits stated in tlie act, other surveys and borings upon lines 
within these limits were made at the request of the l^ard. 

The New York and New Jersey Bridge companies, by their engi- 
neeriug representative, Mr. Charles Macdonald, presented plans j^re- 
pared by the Union Bridge Company tor the proposed bridge, with a 
statement as to cost, estimated trafrtc, and other data, which are given 
in Appendix B. 

During the sessions public hearings were given to a special com- 
mittee of the New York Chamber of Commerce, throngh its chairman, 
Mr. Gustav H. Schwab, and its engineering counsel, Mr. W. Hilden- 
brand, and also to Mr. G. Lindenthal, chief engineer of the North 
River Bridge Company. Theii* statements will be found in Appen- 
dixes O and D. 

The duties of your Board as prescribed by the act are to '^ recom- 
mend what length of span, not less than 2,000 feet, would be safe and 
practicable for a railroad bridge, to be constructed over said river. ^ 
The act provides that this bridge "shall not be located below Fifty- 
ninth street. New Y^ork City, nor above Sixty-ninth street, New Y^ork 
City." Your Board, therefore, understand their duties to be to recom- 
mend what length of si)an, not less than 2,000 feet, would be safe and 
practicable for a railroad bridge to be constructed over the Hudson 
River between Fifty ninth and Sixty-ninth streets in the city of New 
York. 

In making comparative estimates, your Board selected a location 
midway between Fifty -ninth and Sixtieth streets, but the difference 
between this location and one further north within the limits of the 
act has been considered so far as it affects the general conclusions. 

The minimum length of span which may be considered is 2,000 feet, 
which your Board have interpreted as meaning 2,000 feet in the clear. 
The maximum length of span would be a clear span betw^een the pier- 
head lines, this distance varying from 3,130 feet at Fifty-ninth street 
to 3,080 feet at Sixty-ninth street. 
r The objections which have been raised to a pier in the river apply 
with equal force to any pier located between the end of a 2,000-foot 
span and the pier-head line, the pier being objected to as interfering 
with the use of the river for harbor purposes rather than for through 
navigation. The plans submitted to your Board have located the 2,000- 
foot span, in accordance with the requirements of the New York char- 
ter, next to the New Y'^ork pier-head line^ thus placing the west pier 
about 1,000 feet from the New Jersey pier-head line; if the span is 
increased beyond 2,000 feet any injury done to the harbor by obstructing 
the approach to piers on the New Jersey shore would be greater than 
any benetit gained by increased width of channel span. Your Board 
have considered that navigation would not be benefited by making a 
span of greater length than 2,000 feet, unless such span could reach from 
\ pier-head line to pier-head line; they have therefore confined their 
examination to a span of 2,000 feet in the clear, as compared with such 
sijiglia span. It must be noted, however, that the pier-head lines are 
artificial and are subject to change under existing laws. The width 
between pier-head lines at this location is about 400 feet greater than 
at a i^oint 2 miles below. A small encroachment beyond these pier-head 
lines could be permitted without essential harm; it would obstruct 
navigation no more than a vessel lying across the head of a pier; a 
span of 3,100 feet in the clear would meet all the requirements of a 
single span. 
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The plans submitted by the bridge companies i>rovide for a cantilever 
bridge carrying six railroad tracks. This number of tracks is the least 
that has been proposed by any company which has]contemplated bridg- 
ing the Hudson River opposite the city of NewYork. Your Board 
have therefore tliought it right to make estimates for a bridge furnish- 
ing this accommodation. 

The fact that the river must be kept unobstructed during erection 
limits the plans to cantilever and suspension bridges. The plans sub- 
mitted by the bridge companies provide for a steel cantilever bridge, a 
description of which is given in Appendix B. 

A cantilever bridge is a rigid structure, subject to those changes of 
shape only which are due to strains; it is well adapted to railroad uses. 

In the first place, your Board are of the unanimous opinion that a 
cantilever span of 3,100 feet in the clear could be built and would be a 
safe structure. 

In the second plac^e, your Board liave considered that the practica- 
bility of such a structure would depend upon itscost, andto detennine 
this practicability, have made comparative estimates of the cost of two 
cantilever bridges with clear spans of 2,000 and 3,100 feet, respectively. 
These estimates are comparative rather than absolute; the benefit of 
the doubt, where any exists, has been given to the longer span. The 
estimates include both substructure and superstructure, but have been 
made in round numbers and do not include the cost of tracks and other 
features which would be common to both i>lah8. 

A series of borings, covering virtually the limits permitted by the act, 
have been made by the bridge comi)anies under the direction of Mr. 0. 
B. Brush, O.E., at the requestof your Board, to determine the character 
of the bottom of the river. 

These borings have found rock at varying depths, but as the borings 
were not extended into the rock, the absolute information before your 
Board is that no rock exists above the reported elevation rather than 
that solid rock exists below it; but your Board have considered them- 
selves justified in assuming that it is a substantial rock, suitable for 
foundations. The borings outside the limits of the special line consid- 
ered have confirmed the accuracy of the others. 

The depth to rock is about 125 feet at each pier-head line; it is about 
260 feet at the site where the pier of the 2,000-foot span bridge would 
come; the rock rises rapidly from each pier-head line shoreward. The 
depth of water at the site of the river pier is about 50 feet. Under 
the water is a layer of mud or silt about 100 feet deep. Below this 
mud is a fine sand filled with fresh water under a pressure exceeding 
the head due to its depth. 

The mud or silt is not a suitable material for the foundation of bridge 
piers. For the comparatively moderate weights carried by bridges of 
usu<al dimensions, the sand would be a suitable foundation. For the 
extraordinary weights and dimensions of the bridge authorized by the 
act, your Board are not satisfied that the piers would be safe unless 
founded on rock, and the comparative estimates have been ma,de for 
rock foundations. 

The lateral provisions to resist wind and the longitudinal provisions 
for stability during erection require a considerable base; the plans sub- 
mitted! by the bridge companies propose to use a pier consisting of four 
cylinders placed 200 feet between centers in each direction. The total 
reaction, including the effects of wind pressure, carried on each cylin- 
der is estimated at 25,000 tons. 
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In proportiouing these piers, your Board have found it necessary to 
adopt limits of stress. They have based their estimates on the suppo- 
sition that the x>ressure betAiecn the metallic bedi)lates and the top of 
the masonry should not exceed 20 tons to the square foot, and that 
the pressure within the masonry and on the foundation should 
nowhere exceed 10 tons to the square foot; they consider, however, that 
in determining these pressures the weight of the material dis])laced 
should be deducted. The weiglit of masonry i)er cubic foot was taken 
at 150 pounds in air, at 87 ])ounds in water, at 50 pounds in mud, and 
at 30 pounds in sand. While these pressures have been exceeded in 
some structures, they are higher than usual practice and call for 
masonry of goo<l quality and more than ordinary' cost. 

Your Board have assumed that tlie masonry would tinish 50 feet 
above water, and have estimated the cost of these piers, including' 
excavation and sinking, at $1 per cubic foot above a plane 125 feet 
below water, and have added 8 mUls to this price for each additional 
foot of depth. 

2,000-FOOT CLEAR-SPAN CANTILEVER. 

The east pier of the bridge, with a clear span of 2,000 feet, would 
be immediately back of the New York pierhead line, where the rock is 
125 feet below mean high water. The west pier would come in the river, 
where the rock is 260 feet below mean high water. The east anchorage 
would be within the shore line, where tlie rock is not more than 20 feet 
below mean high water, and the west anchorage would be immediately 
west of the New Jersey i)ierhead line, where the rock is 125 feet below 
mean high water. The site of the west anchorage calls for an anchor- 
age span 100 feet longer than is shown on the plans submitted by the 
bridge companies. 

The east pier would consist of four cylinders, each containing 860,000 
cubic feet, and costing on the basis given above. j5«866,000, making for 
the four cylinders, $3,464,000. 

At the site of the west pier the average depth to rock is not less 
than 260 feet. A foundation carried to rock here would be nearly 100 
feet deeper than any foundation which has ever been put in. Such a 
foundation involves very careful consideration, and your Board believe 
that the additional piuje allowed for so much of the work as is more 
than 125 feet below water is none too large. Kach of the four 
cylinders would contain 1,880,000 cubic feet, of which 1,014,000 would 
be more than 12r> feet below water, making the cost of each cylinder 
$2,427,5(m, and the cost of the four cylinders $9,710,000. 

The east anchorage pier would bo founded on rock about 20 feet 
below mean high water, and the west pier on rock 125 feet below water. 
Each of these piers has been estimated on the basis of a i)ier finishing 
150 feet above high water, 20 feet thick, and 100 feet long on top, built 
with a batter of L in 20, and founded on a caisson 40 by 120 feet for 
the east pier and 45 by 125 feet for the west piei. Taking the cost of 
the work above watiM* at 75 cents i)er cubic foot, and of the work below 
water at Al, the cost of the east pier becomes 8431,000 and that of the 
west pier * 1,038,000. 

The cost of the substructure for the bridge, with the 2,0()0foot clear 
span, would then be: 

East aiicboia«>:e $431,000 

East pier 8,464,000 

West pier 9,710,000 

West auch orago 1 , 038, 000 

Total 14,643,000 
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A careful estimate prepared by the bridge compauies makes the 
weight of the saperstructare 230,000,000 pounds, including the main 
span, the towers, and the two anchorage spans, covering a total length 
of 4,120 feet. This weight has been checked, and may be taken as 
approximately correct. The plan was prepared for a location at Seventy- 
second street, where the distance between pierhead lines is 3,070 feet. 
At Fifty-ninth street the west anchorage span would be lengthened 
100 feet, and if the bridge is kept symmetrical the whole length will be 
increased to 4,320 feet, and the total weight to about 240,000,000 pounds. 
This estimate is based on a moving load of 3,000 i)ounds per foot of 
track and on maximum working stresses of from 20,000 to 22,500 pounds 
per square inch, or about one-third of the ultimate strength of the 
material; 240,000,000, at ^ cents per i)ound, would cost $10,800,000. 
The cost of this bridge would then be $25,443,000. 

This is the cost of a cantilever bridge of the minimum span which 
your Board are authorize to consider, the length of the entire structure, 
from anchorage to anchorage, being 4,320 feet. As this plan of bridge 
is the one which the New York and New Jersey Bridge companies 
have selected as the bridge they wish to build, its cost must be accepted 
for present purposes as the cost of a practicable structure. 

3,100-FOOT CLEAR-SrAN CANTILEVER. 

The site of the east pier for the span of 3,100 feet in the clear would 
be the same as that for the 2,000- foot span; the site of the west pier 
would be the same as that of the west anchorage for the 2,000-foot 
span; both piers would be founded at practically the same depth, or 
125 feet below mean high water. 

The weight of the trusses of tlie long span would be about three times 
the weight of those of the short span, and the weight of the floor and 
moving load would be about one and a half times that of the short span. 
The total reaction on the piers would be at least two and one-half times 
that of the sliortspan. On this supposition each of the four cylinders 
would have to carry 62,500 tons. 

The piers in both bridges are so large that their volume can be pro- 
portioned directly to the weights they have to carry. This would make 
the volume of each pier of the 3,100- foot span bridge two and one half 
times that of the east pier of the 2,000-foot span bridge. The estimated 
cost of the east pier of the 2,000 foot span bridge was $3,464,000, so 
that we may estimate the cost of each of the two piers of the 3,100- 
foot span bridge at $8,660,000. 

The anchorage piers required for the. long span bridge need be little 
larger above the water level than for the shorter span. The anchorage 
pier on the east side would be on rock about 2 ) feet below mean high 
water; its cost would be about the same as that for the 2,000-foot span. 
The anchorage pier on the west side would be on ro:5k 40 feet below 
mean high water, and is estimated to cost $527,000. 

The total cost of the substructure for the 3,100 foot clear span bridge 
would then be: 

Ettut anchorage $431, 000 

East pier.... 8,<^,000 

West pier 8,660,000 

West anchorage 527, 000 

Total • 18,278,000 
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Estimates made by this board show that the weight of the super- 
structure of this bridge would be approximately 730,000,000 pounds, 
about three times that of the shorter span bridge; 730,000,000 pounds , 
at 4J cents per pound is $32,850,000. 

The total cost, of the 3,100-foot span bridge, covering a length of 
6,100 feet from anchorage to anchorage, may, therefore, be estimated at 
$51,128,000, though this estimate is probably too low. 

The estimated cost of the 2,000foot span bridge was $25,443,000 for 
4,320 feet; to bring it into proper comparison with the longer span 
bridge 1,780 feet of viaduct must be added; estimating this viaduct at 
$1,000 a foot, the cost becomes $27,223,000. The estimated cost of the 
long-span cantilever bridge is $23,905,000 more than this amount. 

Your Board are of the opinion that the additional cost of the long- 
span cantilever, bridge is so great that it must be considered imprac- 
ticable. 

SUSPENSION BRIDGE. ^ 

A suspension bridge is another possible form of construction at this 
location; like the cantilever, it can be erected without false work; 
unlike the cantilever, it has not generally been considered well adapted 
to railroad uses. 

It has less rigidity than the cantilever, and deflects more from the 
combined effect of temperature and load ; the flexibility of the cables 
tends to cause vertical undulations of the platform under a moving 
load, which are more objectionable for a railroad bridge than for a 
highway bridge, where the live load is less concentrated and is applied 
less rapidly; these objections lessen in importance as the span of the 
bridge and the proportion of the dead to the live load increase. 

In a bridge with six independent tracks the condition of railroad 
service approa<^hes that of highway service, and the position of trains 
which will produce a maximum disturbance would be of very rare occur- 
rence. The inclination of the platform longitudinally and transversely, 
arising from the undulations of the cables under the eflect of moving 
trains, can be reduced within unobjectionable limits by a proper system 
of stiffening; the effect of wind on cables and platform can be taken 
care of by cradling the cables and by a lateral system of bracing in the 
platform similar to that used in truss bridges. A single railroad track 
suspension bridge of 850-foot span has been in continuous use, under 
restrictions of load and speed, for nearly forty years at Niagara; with 
this example before us, a six- track railroad suspension bridge of 3,100 
feet clear span can not be dismissed without careful consideration. 

Your Board have therefore investigated such suspension bridge with 
great care, and it is their opinion that it could be built and that it would 
be a safe structure. As this opinion may be thought a departure from 
general opinion as to the adaptability of the suspension bridge to rail- 
road service, it is properthat the Board should state their reasons there- 
for, and explain the features of the plan adopted by them for a com- 
parative estimate in more detail than was done for the cantilever i)lans. 

The essential differences between a cantilever and a suspension 
bridge are,(l) that in place of the compression chords of the cantilever 
we have land anchorages built of eyebars and masonry; (2) in place 
of the tension chords of the cantilever we have cables built of wire of 
a superior grade of metal; (3) in place of the web bracing of the 
cantilever we have a composite system of suspenders and stitteners. 

No question can be raised as to the safe and permanent character of 
the anchorages if built with a sufficient factor of resistance and proper 
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provisions for thorough protection of the anchor chains against rust- 
ing; they have the advantage over tlie compression cliords of the can- 
tilever that their weight is supported directly on the ground, instead 
of forming a part of the dead, load to be carried. 

As regards safety and efficiency, the wire cables are fully eriual to 
eyebar chords, if built with the same margin of strength; experience 
shows that they can be effectively protected against rusting by wire 
wrapping and painting; wire at least three times as strong as eyebar 
steel is a merchantable article, and cables made of this wire have the 
advantage over eyebar chords of less weight to be -carried by the 
superstructure. 

The objections made to suspension bridges arise only from the third 
difference. It is often claimed that a sufficient degree of rigidity can 
not be secured for railroaxl purposes, and that the stiffening members 
can hot be properly proportioned, owing to the uncertainty which exists 
in the intensity of stresses due to changes of temperature and elastic 
deformation in the composite system. The Board has given careful 
consideration to these objections and believe that for prai^tical purposes 
they are met in the plan selected. 

Three x)rincipal methods have been employed to secure greater 
rigidity in suspension bridges; (1) by inclined stays extending from 
the top of the towers to the platform — this system was advocated and 
applied extensively by the late John A. lioebling; (2) by trussing the 
cables either with straight chords, as in the Point bridge at Tittsburg, 
or by a system of braces between two cables, as proposed by Mr. U. 
Linden thai for his projected North River bridge; (3) by a stiffening 
girder fastened to the platform and extending from one tower to the 
other; this system is a feature common to nearly all suspension bridges, 
but has seldom been applied in the most approved form to give the 
best results. The first method is at best incomplete, as a stiffening 
truss must be used for the middle half of the span. The second 
method might prove the most economical, but its application to wire 
cables is still untiied. Your Board have, therefore, selected the third 
method, that of stiffening the truss. 

The suspension bridge which your Board have selected for this loca- 
tion would consist of a single span of 3,200 feet between saddles, thus 
giving about 3,100 feet in the clear, the two towers being located at 
the pierhead lines, and the cables being carried in straight lines from 
the top of the towers to the anchorages, making equal angles on each 
side of the towers. This form of bridge has no side spans, but the 
tracks would be carried on viaducts between the towers and the anchor- 
ages. While the use of cables outside the towers to sustain side spans 
is generally considered economical, the arrangement selected gives the 
least length of cable and reduces deflection from strains and temi^era- 
ture to a minimum. 

The two towers would be located in practically the same position as 
the towers of the 3,100-fQot cantilever. The substructure would be of 
masonry, finishing at the same height as the masonry of the cantilever 
bridge ])iers. 

The towers themselves would be of steel and would be 570 feet high 
from top of masonry to saddles, or 620 feet from surface of water. 
For towers of this height there is no question of the economy and 
expediency of using metallic construction. 

The anchorages would be of masonry, each located about l^QCKi ^^^^^ 
back of the towers. Both towers and ^\vv!\\o\vv^<^%^w5\^ V»n^ V'^^^ 
founded on rock. 
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' The cables would be of wire, and tbe plans have been based on 
cables containing about 6,000 No. 3 wires (0.259 inch in diameter)* 
Wiremakers are prepared to furnish a wire of this size of a guaran- 
teed strength of 180,000 pounds per square inch at moderate prices 
and a much stronger wire at a higher price. Your Board have adopted 
as the unit stress on cables made of straight wire of this character- 
60,000 pounds per square inch, or one third of the breaking stress, 
this being the same proportion of the ultimate strength that the 20,000 
pounds adopted in the cantilever structure bears to tjie probable 
strength of eyebar steel. 

Your Board have estimated on a versed sine of 400 feet, or one eighth 
of the span. In the East liiver bridge the versed sine is less than 
one-twelfth of the span and about the same as in other long-span sus- 
pension bridges. In the East River bridge the cables are of steel wire 
and the towers of masonry. With the introduction of steel towers, 
the economical proportions are changed, and it becomes ])racticable to 
adopt a greater versed sine than has hitherto been considered wise. 

Stiffening truss. — There are several admissible forms of stiffening 
truss; to justify tlie particular form selected by the Board for their 
^tim^te it is proper to give a short explanation of its duties and mode 

of action* 

A stiffening truss is a girder supported by the cables and extending 
from one tower to the other; it is fastened to the platform at the sev- 
eral points of suspension to the cables and it may be fastened to the 
towers in two ways; it maybe held in the vertical direction only, 
anchored down as well as supported, and acting as a girder resting on 
two supports, or it may be ftvstened also in the horizontal direction, 
acting as a girder fixed at the ends. The Board have confined them- 
selves to the first case, which has the advantage of greater simplicity 
in comi)utation of stresses, without material sacrilice of economy. 

The function of a stiffening girder is to distribute a load covering 
only a part of tbe span, over the entire span. If this function could 
be performed without any deformation of the girder, the distribution 
would be perfect and the symmetrical shape of the cables would be 
preserved, but as the girder deflects under the load that it carries, it 
exerts through the suspenders a downward pull on the cables as far as 
the load extends, and beyond that point the cable exerts a pull upward 
on the girder. If it is continuous it will tak<^ tlie shape of a reverse 
curve with its point of contrattexure at the end of the load. The strain 
in all the suspenders will be uniform for the whole length of span. The 
weight to be carried by the loaded portion of the stiffening truss will 
be* the moving load upon it, less that carried by the suspenders. 

The suspenders over the unloaded portion, where the cable tends to 
rise, are strained by the resistance of the stiffening truss against flex- 
ure upward. The weight per unit of length carried by the suspenders 
will always be equal to the live weight i)er unit of length multiplieil 
by the length of load and divided by the length of span. Over the 
loaded portion this is the actual weight per unit of length, less the por- 
tion carried by the stiffening truss. Over the unloaded portion this 
represents the upward i)ull resisted by the stiffening truss. The 
upward force per unit of length, which tends to lift the unloaded por- 
tion, is therefore the assumed weight per unit of length multiplied by 
the length of load and divided by the length of span. The weight per 
unit of length carried by the stiffening truss on the loaded ])ortion is 
/Ife totnl weight per unit of length less that weight multiplied by 
yez/^// oflond imd divided by length of span. 
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When one-half of the span is loaded, the weight will be equally 
divided between ^uspenders and stitt'ening truss; the stresses in the 
chords of the stiffening truss will be one-eighth those caused by the 
same load extending over the whole length of si)an if the truss were 
not supported by suspenders. 

The greatest stresses occur in the continuous stiffening truss when 
either two- thirds or one-third of the span is loaded. In the former case 
the loaded portion must carry one-third of the load, and the chord 
stresses at the middle of that two- thirds will be four twenty-sevenths of 
the maximum stresses at center of span if the truss were fully loaded 
and not supported by suspenders; in the latter case the chord stresses 
at the center of the loaded portion will be only two twenty-sevenths^ 
while the chord stresses at the center of the unloaded portion will be 
the four twenty-sevenths, but reversed. As the two thirds load may be 
placed anywhere in the truss, it follows that the chord stresses over 
the whole central third may be four twenty sevenths of the maxinmm 
stress at center of span if the truss were fully loaded and not supported 
by suspenders. 

The shearing stresses in the webs of the stiffening truss are deter- 
mined by the same distribution of loads. 

It must be reniembered that the only stresses in the stitt'ening trns» 
are those due to moving load, all dead weight being carried directly by 
the suspenders to the cables. 

While this is the simplest explanation of the duties of the stitt'ening 
truss, it does not take into consideration all elements. The downward 
and upwaid deflection of the stiffening truss must be ac4!ompanied by 
corresponding changes in the shai)es of the cables, but as these changes 
are in the direction in which the cables would move if no stitt'ening truss 
existed, it follows that the weight is not distributed equally among all 
the suspenders and the stitt'ening truss is relieved of resisting so much 
inequality as is taken by the cables. The elongation of the susi)enders 
is al«o a slight element of disturbance, but not sutlicient to be described 
here; an analysis of it will be found in Appendix E. 

There are two other strains which the chords of the stitt'ening truss 
may^ be called on to resist. The first of these is due to the detlection 
of the cables under temperature and under load. As the stitt'ening 
truss is not supposed to carry any of its own weight, it nuist deflect 
with the deflection of the cables, and this deflection must be accom- 
panied by the transfer of a portion of its weight to itselt with corre- 
sponding stresses in its chords, these chord strains being determined 
entirely by the deflection. The other additional stress is due to wind 
pressure if the chords of the stitt'ening truss are nia<le the chords of 
the lateral system, as in ordinary truss bridges. 

The greater the depth of truss the less the chord stresses due to its 
stiffening duty and the greater the stresses due to deflection of cables. 
The wind stresses depend on the horizontal distance between the two 
trusses. 

To avoid the strains due to deflection of cables the stiffening truss 
may be hinged at the center, which can be done by cutting one chord 
and putting a pin joint in the other. This arrangement fixes the point 
of contrary flexure at the center of the span under all conditions of 
loading, and leaves the stiffening truss free to rise and fall with changes 
of deflection in the cables without additional strain. As the heucUws^ 
stresses at the center are now eliminated^ tAi^ c>\\\^ l\\\\vj)C\«vv <^*v *<\\fc.>§^»- 
joint will be to transfer the s\iea\\\ig atte^^^^, >^\>QvYVV^\x^Xxv>^v^i^^^ 
of the hinge and the fixing of t\\e \>o\wt o^ e,o\\U^^^ ^f^^vvc^.'^^'^^ 
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of the stiffening truss is modified, and the investigation becomes more 
complicated ; it is given in Appendix E. The truss still equalizes the 
weight on all the suspenders, but the total weight carried by the sus- 
penders is equal to the whole moving load only when that load covers 
one-half the span. The greatest chord stresses in either direction occur 
at a distance equal to 0.234: of the span from each end, and will be 
0.1506 of the maximum stresses at center of a continuous span if the 
truss were fully loaded and not supported by suspenders. The maxi- 
mum chord stress in the hinged truss is, therefore, 1.017 times that in 
the continuous truss, but it is a maximum only at two points instead 
of over one-third the span. 

The continuous truss is better adapted to resist wind than the hinged 
truss, but its chords have to bear the additional stress due to deflec- 
tion. As the hinged truss is pra<5ticable and more economical than the 
other, it has been used in the estimates made by your Board. 

The form which your Board have selected for a stiffening truss is a 
riveted lattice girder 120 feet deep, the two trusses being placed 100 
feet between centers. The web members are all inclined at an angle 
of 45 degrees, and are in eight systems, so that the truss is divided 
into 30-foot panels and the unsupported length of each web member is 
about 21 feet. Ihe floor beams are hung from the suspenders and 
carry the stiffening truss, the weight of which is never entirely over- 
come by the action of the moving load. The top lateral system is a 
comparatively light riveted lattice. The whole lateral work to resist 
wind i)ressure is done by the bottom lateral system, in which the floor 
beams form lateral struts and the diagonals are strained in tension. 
Gross bracing is provided at every panel point, to sustain the floor beams 
at their centers and to transfer wind pressure to the bottom chord, the 
pull of this cross bracing being resisted by the top lateral system. 

Proportioning the trusses for a moving load of 3,000 pounds per foot 
on each of the six tracks, the maximum chord stress at the center of 
the half span would be 14,461,400 pounds, and the maximum chord 
stress in the bottom chord at the center, taken on the basis of a wind 
pressure of 2,000 pounds per linear foot, would be 25,600,000 pounds. 
As the chords are subject to reversal of strains, your Board have limited 
the stresses in the chords due to moving load to 12,500 pounds per 
square inch in each direction, making an extreme variation of 25,000 
pounds, but have allowed the stresses from the combined effects of 
moving load and wind to run up to 22,500 pounds, believing that, with 
the arrangement of cradled cables hereinafter described, the wind 
strains will never be anything like what has been estimated on. They 
have also estimated on the chord sections never being less than 400 
square inches. With these conditions, the average section of the bot- 
tom chord becomes 91)6 square inches, and that of the top chord 905 
square inches, the two averaging 950 sc^uare inches. Allowing 25 per 
cent excess for details, the average weight of each chord will be 
4,037.5 i)ounds per linear foot. 

The average shear in the web system will be 3,000,000 pounds, in 
addition to whi(*h the web system has to do a duty in transferring 
weight from the upper t-o the lower chord equivalent to a shear of 
1,300,000 pounds per lineJir foot, making the total duty of each web 
equivalent to an average shear of 4,300,000 pounds. If the web is pro- 
portioned on the basis of 12,500 pounds per square inch, with an allow- 
ance of 50 per cent for details and connections, the weight of each web 
becomes 3,509 pounds per linear foot. 
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The calculated weight of the top laterals is 500 i>ound8 per linear 
foot. The calculated weight of the bottom laterals, on the basis of 25,000 
pounds stress per square inch, with an allowance of 25 per cent for 
details, is 1,150 pounds per linear foot, making a total weight of later- 
als 1,650 pounds per linear foot. 

The floor beams weigh 90,000 pounds each, or 3,000 iiounds X)er lin- 
ear foot of bridge. The stringers weigh 1,800 pounds per linear foot of 
bridge. Floor beams and stringers ate proi>ortioned for a consolidated 
locomotive weighing, with tender, 104 tons. The total weight of the 
sus))ended superstructure per linear foot may then be taken as follows: 

Ponnds. 

4 chords, at 4,037.5 pounds 16,150 

2 webs, at 3,509 pounds 7,018 

Laterals 1,650 

Cross frames and hangers 1,920 

Floor beams 3,000 

Stringers 1,800 

Total steel per linear foot 31,538 

This amounts to 100,921,600 pounds for the 3,200 feet of span. If to 
this we add 2,400 pounds for the weight of the ties and rails and 18,000 
pounds for moving load, we have as the total weight carried by the sus- 
penders 61,938 pounds or 26 tons per linear foot. 

This stiffening truss is a very different structure from the stiff'ening 
truss of any existing bridge. It is what it purports to be, a stiffening 
truss, with a heavy floor system like that used in the cantilever design, 
and with stiff* connections throughout. This stiffening truss, 3,200 
feet long with its floor system, weighs two-fifths as much as the entire 
4,320 feet of steelwork of the 2,000foot cantilever bridge. 

Suspenders. — The suspenders would be either wire ropes or cables of 
straight wires, like the main cables. They have been proportioned on the 
basis of a stress of 30,000 pounds per square inch of section, and on this 
basis, with an allowance of 20 per cent for connections, will weigh 1,425 
pounds per linear foot, making the whole weight transferred to the 
cables 53,363 pounds. The suspenders weigh 4,560,000 pounds for the 
3,200 feet. 

Cables. — The average weight of the cables will bo 14,792 pounds 
per linear foot of bridge. The total weight to be carried by the cables 
may therefore be taken at 68,100 pounds per linear foot, amounting to 
217,920,000 pounds or 109,000 tons for the span of 3,200 feet. The 
versed sine assumed is 400 feet, or one-eighth of the span. The great- 
est strain in the cables will be next to the saddles, and will be equal to 
the weight carried multiplied by 1.118, amounting to 243,724,000 
pounds, which, at 60,000 pounds per square inch, will require 4,062 
square inches. Six thousand No. 3 wires have a total area of 316 
square inches. The 4,062 square inches may be divided into 12 cables 
of 338.5 inches each. Youi* Board believe that these cables can be con- 
structed now as easily, as those of the East River bridge were at the 
time it was built. 

The arrangement of cables which has seemed most feasit)le to your 
Board, and which has been used for the basis of these estimates, places 
six cables on each side, the cables being 20 feet apart on top of towers, 
the two cables next to the center on each side being in vertical planes, 
and the other cables cradled into planes which intersect in the lines of 
the pins which sustain the floor beams. A separate sae^xx^wvkfe^^^'^sRj^^is^ 
from each pin to every cable, the e»\\%^e\iOi^t^\i^\\i^V\v*<^^'^'^>2«5^^ 
as the cables. Yertically tlie cradVmg oi \Xi^ wxX.%V^^ ^'ss^i^X^'^ ^s.^s^>^ ^s^'s^ 
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in a height of 460 feet, or 1 iu 4.6. Horizontally it is 100 feet in a 
total length of 3,200 feet, so that the horizontal cradling of the two 
•outside cables is 200 feet in 3,200 feet, or 1 in 16. A suflQcient cradling 
is obtained not only to resist the entire wind pressure on the cables, 
but to relieve the lateral system very materially. The distance between 
the cables will favor simultaneous construction. The suspenders at 
each point will be of uniform length and will pull together. The length 
of the suspenders at the center of the span must be enough to allow 
the cables to clear each other where the attachment is made, and this 
places the lowest parts of the cables 60 feet above the pins. The total 
height of the towers above high water is made up as follows: Clear- 
arnce required by law, 150 feet; camber, 10 feet; shortest suspender, 60 
feet; versed sine, 400 feet; total, 620 feet. 

The total length of each cable, from anchorage to anchorage, is 5,609 
feet. The weight of each of the 12 cables, per linear foot of cable, 
including wrapping, is 1,18^3 pounds. The weight of the 12 cables is 
14,200 pounds per linear foot, and the total weight of the cables, 
79,647,800 pounds. 

ToirevH. — The weight transferred by the cables to each tower is 
218,000 pounds. The towers are 570 feet high from top of masonry to 
saddles. As these to>vers are only in compression and the members so 
large that they may be treated as short compression members, a stress 
of 20,000 ])ounds per square inch at the top is permissible. This 
requires 10,900 square inches of section. The weight of each tower 
with an allowance of 80 per cent for details and conne(*tions would be 
38,023,5r>0 pounds or 76,047,000 pounds for both towers. The total 
weight to be carried on the lower part of the tower would be 128,000 
tons, making a pressure of less than 24,000 pounds per square inch at 
the base of the steel columns, which will be very slightly increased by 
the wind pressure and by the horizontiil deflections at the top of the 
towers if the saddles do not move freely. 

Anchor chains. — The cables are carried in straight lines from the 
saddles to the anchorages, each anchorage being in two parts, each 
part anchoring the six cables on its side of the bridge. The upward 
pull of the cables at each anchorage (one side) is 54,500,000 pounds 
and the horizontal pull 109,000,000 pounds. The estimates have been 
made on the basis of connecting the cables with the anchor bars out- 
side of the masonry of the anchorage, placing these anchor bars in tun- 
nels, and connecting them witU bearing plates at the lower end; every- 
thing w^ould be accessible for care and repairs. The chains would be 
of steel eyebars which have been proportioned foi; a stress of 20,000 
pounds per square inch with an allowance of 20 i)er cent for details. 
The estimated weight of the bars and pins in each of the four half 
anchorages is 6,825,000 pounds, while the plates at the bottom would 
add 600,000 pounds to this amount, making the total weight in eacli 
half anchorage 7,425,000 pounds, or 29,700,000 pounds in the four. 

Structiuytl steel. — In estimating the cost of the structural steel work, 
your Board have used the same price per pound as for the work in the 
cantilever bridge, namely, 4J cents. On this basis the cost would be as 
follows : 

Pounds. 

Suspeiidod snperstruetun' IfK). 921 , 600 

Towrrs 76, 047, 000 

Chains 27,300,000 

Auchor ])late8 2, 400, 000 

Stniotfirnl steel 206, 668, 600, at 4^ cent*, ^9,300,087. 
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Tlie majority of the Board believe that this price is too high, owing 
to the differenccf in character of steel work in the two structures, and 
that the total cost of the structural steel work should not be estimated 
higher than $8,500,000. 

Wir€icor1{. — The cables and suspenders have been estimated at 8 
eent» per pound, making their cost — 

Pounds. 

Cables 79,647,800 

Suspeuderrf 4, 560, 000 

•Total wire 84, 207, 800, at 8 ceu to. $6,736,624. 

Superstructure. — The total cost of the sui>er8tructure is $10,036,711, 
on the basis of ^ cents for all structural steel. 

Substructure, — The substructure would ('onsist of two anchorages and 
the bases for two towers. Each tower base has to carry the following 
weights : 

Tona. 

Suopeuileil weight on top of tower 109, 000 

Tower 19,000 

Extra effect of wind 4, 000 

Total 132,000 

Each of the tower bases of the 2,00()-foot cantilever bridge ('arnes 
11)0,000 tons. In both cii^es the foundations can be made proportional 
to the weights carried. 

The east tower is in the same place as the east pier of the canti- 
lever bridge, ^he cost of this b.ase for the suspension-bridge tower 
will be that of the cantilever-bridge pier, or d3,4G4,000, multiplied by 
l.:32, making J?4,572,480. 

The west tower would come immediately west of the New Jersey 
pier-head line, the average depth of rock being about 10 feet more 
than on the east side, requiring 414,000 cubic* feet additional in the 
foundation. Estimating oh the same basis as for the west pier of the 
cantilever bridge, the cost of this 4L4,00i) cubic feet of foundation 
"^OUld be $431,(M)0, which would make the cost of the west tower base 
$5,003,480. 

The anchorages have been planned on the basis of putting the entire 
weight which is to resist the pull of the cables above mean high water, 
and the quantities have been based on a coetlicient of friction of 0.6 
and a factor of safety of 2. The anchorage at eiujh end of the bridge 
would contain 5,940,000 cubic feet above the foundation. The only 
duty of the anchorages is to >K*t as weight, and a very cheap class of 
masonry can be used for this purpose; rubble niiule of the most avail- 
able stone, with a facing of rough ashlar or brick, would do. The cost 
of this masonry has been estimated at 37^ cents per cubic foot, although 
the Bonrd believe it could be built for nuich less. On this basis the 
cost of eitch anchorage above mean high water is $2,227,500. 

The east anchorage wouhl be founded where the rock is 20 feet below 
mean high water; the foundation could be i)ut in with an open coffer- 
dam, ami has been estimated asrosting 75 cents per cubic foot. There 
would l)e 1,150,000 cubic feet in this foundation, makinj,^ the cost 88(>2,r>00, 
and the total cost of the ea^t anchorage «3,0t)0,000. 

Tiie foundation of the west anchorage would have to be sunk 00 feet 
to reach the rock, and would probably be put in by the pneumatic 
process. Its volume would be three times that of tl/e east anchora^e^ 
and its cost may be estimated at the same v^v^*^ v'^^x ^xj^^wv \v^vsv.^v:>»x 
$2,587,500, making the total coiit o^ t\i^ we^t ^\\v\\Q^'iv'^^%v?^^^^?^^^- 
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Tlie titUi] cost at' the suhstruclure would then be: 

East ;iii<hor;i«r<' $3,000,000 

I$a.so for c-jiMt tnwtr 4 572 4go 

l\n*-i- tor wt'St ti»wi'r 5 003 ^|jiq 

W<st:in.lioi;i«;:i' V.SloloOO 

Siihstrmturc 17,480,060 

The aii(h(H'a^^(s rail be adapteil to eany tlie tracks, but tlie tracks 
must be earned between them and the towers on viaducts, requirinij 
925 feet of via(hict on eacli side, or 1.850 feet in all, which has-been 
estimated at the same price as before. The total length of the suHpen- 
sion l>rid;ne, in<Iudin«r viaducts and anchorages, is 5,000 feet. The total 
cos t N\ i 11 1 >e as fol lo w s : 

Suptrstru. t iinr ^16. Q^a 722 

SllUst riH-tiii t.' 17; 4^,,^ ggQ 

^ ladiiet 1, 850, 000 

T^tul 3r>.:%7,671 




mated cost of the suspension bridge is *8,<U4,07l more. The fairest 
comj)urisoii is by percentages; the cost of the suspension bridge Is 
nearly :V2.l i)er cent nioie than that of the 2,000-f()ot cantilever bridge. 
If allowance is made f(U* cost of structural steel in accordance with the 
views of a majority of tlie Board, the dift'erence will be reduced to 
$7,S4:1:,581, or nearly 30 per cent. The general conclusion which your 
Board have reached is that the cost of a suspension bridge of a single 
span, designed I'or its whole length for the same moving load as the 
2,000 foot cantilever bridge, would be less than one-third more than that 
of the cantilever. 

DeHecUons, — The structure described is one of unusual rigidity. The 
expansion of the metallic towers counteracts in a degree deflections 
due to elongation of cables under an increase of temperature, this 
deflection being further reduced by the large versed sine. Of the 34 
tons per linear foot, only 9 are moving load, so that the stress per square 
inch on cables caused by a maximum moving load is less than 16,000 
pouiuls; it would not exceed 5,000 pounds with an ordinary freight 
train on every track, or 2,500 pounds with a passenger train on every 
track. The deflections have been calculated for a full moving load 
with the following results: 



EflectB of— 



Couilitious. 



Cable 

between 

towcrH. 



Baolc 
sttiyti. 



Towerii. 



Siis- 



Total. 



peudcrd. 



CO ilrjinef* .i F , -T'J ^0.1 

MRxiiuuiii Tiiov. load —2.75 j — O.U 

Combimil -4.75 , -0.24 



±0.22 ' TO. 03 Tl.91 
—0.11 -0.02 —3.02 



H 0.11 , -0.05 ' -4.93 



In other words, the total deflection at the center of the span below a 
mean is about 5 feet; the deflection above a mean is less than 2 feet; 
the total range is less than 7. These deflections are within satisfactory 
limits for rai&oad service. 
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A deflection of 5 feet iu a length of 3,200 feet, calculated for a moda- 
lus of elasticity of 28,000,000 pounds, corresponds to a cbord stress of 
7,870 pounds per square inch in a stiffening truss 120 feet deep. This 
is the stress which has been eliminated by the use of the hinge. 

LIGHTER STRUCTURE. 

The calculations of the cost of the suspension bridge which has been 
described have been made as nearly as possible on the Fame basis as 
the estimates for the cantilever bridge, without taking into consider- 
ation the fact that the cantilever bridge would bestiained nearly to 
its full capacity by a load 1,000 feet long, while the suspension bridge 
would be fully strained only when covered by a load three times that 
length. Furthermore^ no allowance has been made for the fact that 
the maximum strains in the stifl'ening trnss would occnr only under 
combinations which might not arise once in a century, and which could 
be prevented by simple jjolice regulations. 

A moving load of 3,000 pounds per foot, 1,000 feet long, on each of 
the tracks, crossing the bridge without chan£:e of relative position, 
would produce practically maximum effects in upward moments on a 
continuous stiffening truss, but it would produce only one-half these 
moments downward. In other words, the chords of the stiffening 
truss would be strained 12,500 pounds per square inch by upward 
bending, but only .6,250 pounds by downward bending, on the assump- 
tion as before that all the moving load is distributed by the stiffening 
truss; as only about 88 per cent is distributed by reason of the 
unsymmetrical deflection of the cable, the maximum chord stresses are 
reduced and become, respectively, 11,000 and 5,500 pounds. The great- 
est upward deflection from the action of the cables occurs from the 
effects of temperature when the bridge is unloaded; under a full load 
it is eliminated, and under a l,000foot load it is reduced to about 1 foot, 
which corresponds to a chord stress of 1,570 pounds, making a total of 
12,570. The downward deflection would never exceed 3J feet with 
the limited length of train, which corresponds to a chord strain of 
5,509 pounds, or a total of 11,099, so that a continuous truss could be 
used without exceeding the assumed limits of stress. It should be 
noted that the only condition which would produce these stresses would 
be the passage of six maximum trains side by side. A single freight 
train in the most unfavorable position would produce a stress of not 
over 3,500 pounds in the chords of the stiffening truss, and a single 
passenger train a stress of not over 1,800 pounds. In providing for a 
lighter structure adapted to trains 1,000 feet long, it has been thought 
best to make no reduction in the weight of the stiffening truss or the 
floor system, but the continuous form of truss might be selected. 

If the stiffening truss did its complete duty in the distribution of 
weight, the greatest strain which a train 1,000 feet long, weighing 3,000 
pounds per foot, could throw upon the cables, would correspond to a 
uniform load of 937 pounds. If the stiffening truss did no duty what- 
ever, but the weight was distributed strictly according to the laws of 
leverage, tbe greatest strain which such 1,000-foot train could throw 
upon the cables would correspond to a uniform load of 1,582 pounds 
per linear foot. Under these circumstances it seems safe, while not 
reducing the stiffening truss, to provide for a moving load on the cables 

6370 1 
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of only 1,500 pounds per foot of track. For this approximate calcula- 
tiou, the weights per linear foot may then be taken as follows: 

rounds. 

Suspended sqperstruetiire aud tracks 34, 000 

Moving load 9, 000 

Cables aud suspenders 14, 0(X) 

Total 57,000 

This is 28^ tons per linear foot, instead of 34 tons, the reduction in 
the total carrying capacity being about 16 i>er cent. It should be 
observed that the live load is only 15.8 per cent of the whole, so that 
the additional stress put on the cables by the simultaneous passage of 
six maximum trains would, without allowance for the work of the stif- 
fening truss, be only 10,000 pounds per square inch. Tlie stress imjjosed 
by a 1,000-foot passenger train under the most unfavorable conditions 
would not be over 1,200 pounds. 

For purposes of the present comparison, the suspended superstructure 
remains unchanged; all other parts may be taken at 10 per cent less 
than in the previous estimate. The weights and cost of such a bridge 
may ihen be estimated as follows : 

Pounds. 

Suspended superstructure 101,000,000 

Towers 64,000,000 

Chains and anchor plates 25, 000, 000 

Structural steel 190,000,000, 4^ tents... $8,550, OCX) 

Wire work 5,659,(H)0 

Total superstructure 14, 209. 00<.) 

Substructure 14,684,000 

28, 893, 000 
Add for viaduct 1,850,(H)0 

30, 743, OOO 

This is $4,025,000 less than the previous estimate, and $•1,020,000, or 
about 16 per cent, more than the cost of the cantilever with the 2,000- 
foot clear span. 

This estimate has been made for the purpose of comparing on the 
same basis, that of a factor of safety of three on ultimate strength of 
metal, the 2,000-foot cantilever and the suspension bridge when carry- 
ing train loads 1,000 feet long. If it be thought that the stress of 
60,000 pounds per square inch on the wire in the cables is too high, it 
may be noted that the difference in the cost of wirework in the two 
suspension bridge estimates is $1,017,624, and if the higher C4)st is 
restored it will be equivalent to reducing the stress in wire to about 
60,000 pounds per square inch. With this change the cost of the 
lighter structure becomes $31,671,000, this being $6,038,000, or about 

19 per cent, more than that of the 2,000-foot cantilever. 

If only one train is allowed on one track at a time, maximum stresses 
will occur in the different members no oftener than the same loads 
would produce maximum stresses in the 2,000-foot cantilever. Moie^ 
over, the load of 1,500 pounds per foot adopted for the cables is tiie 
full weight of a passenger train and would not be exceeded if the entire 
span were covered with the heaviest class of passenger eciuipnient. 

UPPER LOCATION. 

If a location near Sixty-ninth street were adoi)ted, the conditions 
would he a Jiftle more unfavorable for the foundations of the towers. 
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but very much more favorable for the anchorages, as rock is fouud 
above water on both sides. The cost of the two anchorage foundations 
is $3,450,000 in the first estimate and $2,900,000 in the second estimate; 
these foundations would be saved at the upper location. These figures 
are enough to show that there are ix)ints within the limits prescribed 
by the act where the difference in cost between the 2,000 foot canti- 
lever and the single-span susi>ension bridge might be much less than 
has been estimated. 

CONCLUSION. 

The only subject referred to your Board is to "recommend what 
length of span not less than 2,000 feet would be safe and prncticable 
for a railroad bridge to be constructed over^ the Hudson River between 
Fifty-ninth and Sixty-ninth streets. A single span from pier head to 
pier head, built on either the cantilever or su8i)ensi<)n principle, would 
be safe. The estimated coat of the 3,100-foot clear-span cantilever 
being about twice that of the shorter span, your Board consider them- 
selves justified in pronouncing it impracticable on financial grounds. 
As the cost of the single-span suspension bridge is at most one-third 
greater than that of the 2,000-foot cantilever, your Board are unable to 
say that such greater cost is enough to render the suspension bridge 
impracticable. 

The Board have reached this conclusion after careful s,tudy, and they 
have thought it best to give the full course of reasoning which they 
have followed. They feel that the contingency attending the construc- 
tion of the deep river foundation of the cantilever bridge, even waiving 
the absolute necessity of carrying this foundation to rock, is enough to 
balance a part of the greater cost of the suspension bridge. 

The conc*lusion of this Board is that of a Board of Bridge Engineers 
acting in a professional capacity. While from such professional view 
they must pronounce the suspension bridge practicable, they do not in 
this r,onclusion give an opinion on the financial practicability and merit 
of either plan. 

Before closing, your Board desire to state particularly that the esti- 
mates have been made for comparative puri^ses and are not to be 
taken as a measure of absolute cost; they are believed to be thoroughly 
fair for comparisons; the prices assumed may be much higher than 
absoltite cost. The plans on which the estimates are made, a sketch of 
which accompanies this rei)ort, would undoubtedly be modified if a 
bridge were built* 

This report is accompanied by the following appendices: 

A. — Act approved June 7, 1894. 

B. — Stateuient prepared by Mr. Charles Macdonald in hehalfof the New York and 

New Jersey Bridge com pauies. (Six iuclosares, including four hluc prints.) 
C— Statements of Mr. Gustav H. Schwab (C) and \Vm. \V. Hildenbrand (C — CO- 

(Two inclosures, tracings.) 
1>. — Statement of Mr. G. Lindcnthal. 
K. — 'Hieoretical iuventigation of stiflening trns8. 



Respectfully submitted. 



Hon. Daniel S. Lamont, 

Secretary of War, 



(t. Bousoarkn. 

W. n. BUKE. 

Theodore Cooper. 
(lEO. S. Morison. 
C. W. Uaymond. 
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Appendix A. 

ACT APPRO\T2D JUNE 7, 1894. 

[Public— No. 83.] 

AN ACT To authorize the New York aud New Jerney Bridge Comjiauiee to construct aud maintain a 
bridge across the Hudson River between New York City and the State of New Jersey. 

Be it ettacfed hy the Senate and House of UepresentaiiveH of the United Statea of Jmerica 
in Congre8H assembled ^ That the New York and New Jersey Bridge Companies, here- 
tofore incorporated by the States of New York and New Jersey, and existing under 
the laws of said States, are hereby authorized to construct, operate, maintain, and 
rebuild, in case of destruction, a bridge across the Hudson River between New York 
City, in the county and State of New York, and the Stat« of New Jersey, subject to 
the laws of said States, respectively, upon the following terms, limitations, and 
conditions: 

First. That the location of said bridge shall b6 subject to approval by the Secre- 
tary of War, upon such examinations, hearings, aud reports {is he shall hereafter 
prescribe: Provided, That it shall not be located below Fifty-ninth street. New York 
City, nor above Sixty-ninth street, New York City. 

Second. That the said companies may locate, construct, and maintain over such 
bridge and the approaches thereto railroad tracks for the use of railroads: J'rovided, 
That any railroad on either side of said river shall be permitted to connect its tracks 
'with the said bridge approaches, and shall have equal rights of transit for its rolling 
stock, cars, passengers, and freight upon equal and ei^uitablo terms, and if a dispute 
as to the equality or equity of tlie terms shall arise it shall be submitted to and 
decided by the Secretary of War : Provided, That the location of all approaches of 
said bridge in the city of New York shall be approved by the commissioners of the 
sinking fund of the city of New York : And provided further, "JThat no railroad or rail- 
roads Biiall be operated on the approaches of said bridge companies in the city of 
New York, except on such approaches as shall have been approved by the sinking- 
fund commissioners of the city of New York : Provided, also. That the term approaches 
as used in this A(;t shall be construed to include only such portion of the roadbed 
and superstructure, on either side of said bridge, as is necessary to reach the grade 
of the bridge from the grade of the streets at wnich said approaches begin to rise, 
in order to bring the two elevations together upon and by a grade of not less than 
twenty feet to the mile. 

Third. That any bridge built under the authority of this Act shall be constructed 
with such length of span and at such elevation as the Secretary of War shall approve 
and re<[uire : Provided, however, That it shall afford, under any conditions of load or 
temperature, a minimum clear headway above high water of spring tides of not 
less than one hundred and lifty feet at the center of the span; and all the i)laiis and 
specilicatious, with the necessary drawings of said bridge, shall be submitted to the 
Secretary of War for his approval, and before such approval the construction shall 
not be begun ; and should any change be made in said plans during progress of con- 
struction, such changed plans shall be submitted to said Secretary and ap])roved 
by him before made; and the President shall a])point a board, consisting of live 
competent, disinterested, expert bridge engineers, of whom one shall be either the 
Chief of Engineers or any member oi the Corps of Engineers of the United States 
Army, and the others from civil life, who shall, within thirty days aft«T their 
appointment, meet together and, after examination of the question, shall, within 
sixty days after their lirst meeting, recommend what length of span, not less than 
two th(»usand feet, would be safe and practicable for a railroa<l bridge to be con- 
structed over said river, and^lile such recommendation with the Secretary of War, 
but it shall not be liual or conclusive until it has received his written ai>i)roval. In 
case any vacancy shall occur in said board, the President shall fill the same. The 
compensation and expenses of said board of engineers shall be lixed by the S(;eretarv 
of War and paid by tlie said bridge companies, which said companies shall tlei)osit with 
the Secretary of War such sum of money as he may designate and re<iiiiro f«»r snch 
purj»ose: Provided, ahvai/s, That notliitig herein contained shall be construed as pre- 
venting the said board* of engineers fnnn meeting, investigating, and tiling their 
recommendation after the expiration of said time herein nientionetl. 

Fourth. The companies operating under this law shall maintain on the bridge, at 
their own expense, from sunset to Minriso, such lights and signals as the I'nited 
States Lij^ht-House Board may prescribe. 

Fifth. The said company or companies availing tliemselves of the privileges of 
this Act shall not charge a higher rate of toll than authorized by the laws of the 
State of New York or New Jersey, and the mails and troops of the Cnited States 
aliall bo tmnHported free of charge over said bridge. 
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Sixth. That said company or oompanies shall be subject to the interstate-com- 
merce law, and to all amendments thereof, and when such bridge is constructed 
under the provisions of this Act it shall be a lawful military and post road and a 
lawful structure. 

Seventh. That the s^id company or companies availing themselves of the privileges 
of this Act shall file an acceptance of its terms with the Secretary of War, and shall 
submit to the Secretary of War, within one year after the passage of this Act, for 
examination and approval, drawings showing plan and location of the bridge and its 
approaches; and the construction of said bridge shall bo commenced within one 
year after said location and plans have been a])proved of, as herein provided ; and 
said company or companies shall expend, within the first year after construction has 
commenced, as herein required, not less than two hundred and fifty thousand dollars 
in money, and in each year thereafter not less than one million of dollars in money in 
the actual construction work of said bridge, which shall be reported to the Secretary 
of War: and the said bridge shall be completed within ten years from the commence- 
ment ox the construction of the same, as herein required ; and, unless the actual con- 
struction of said bridge shall be commenced, proceeded with, and completed within 
the time and according to the provisions herein provided, this Act shall be null and 
void. 

The right to amend, alt«r. modify, or repeal this Act is hereby reserved. 

Approved, June 7, 1894. 



Appendix B. 
statement oe mr. charles macdonali), of union bridge company. 

No. 1 Broadway, New York, July 20, 1894, 

Sir: In accordance with your permission, I have the honor to submit herewith 
certain general information relating to the proposed bridge across the Hudson 
River, authorized bv recent act of Congress, and under which act your Board has 
also been constituted. 

The bridge in question must bo located between Fifty-nintli and Sixty -ninth streets 
and your Board is to advise as to what is a safe and practicable span, not less than 
2,000 feet, for such a location. 

The New York and New Jersey Bridge Company has in view the construction of a 
bridge for utilitarian purposes only. There is to be nothing of the mounmental or 
sentimental character about it, except in so far as niuHt be inseparably connected 
with its magnitude. It is intended to build a structure which will safely provide 
facilities for all the traffic which may be expected to pass over it, as well as under 
it, and at such practicable cost as will prove attractive to the investors of capital. 
It is not committed to any particular design of bridge, whether it be cantilever, sus- 
pension, or a combination of tlie two. What it intends to build, if permitted to do 
so, is a structure which will accomplish the desired results with the least expendi- 
ture of money. 

The first element in this problem is, necessarily, the determination of the proba- 
ble traffic. l*>oni a careful observation of the number of cars arriving at Jersey 
City, the amount of express freight, and the number of passengers which would be 
likely to pass over the bridge, it h;is found that the gross income (from all sources) 
will not exceed $3,500,000, that the cost of maintcmauoe, taxes, etc., would be 
$1,250,000, leaving as available for payment of interest, after deducting all other 
charges, $2,250,000. This, at 5 percent, represents a total investment of $45,000,000. 
Of this amount about one-half will be required for terminals (including right of 
way). 

Thus it would appear that if the bridge proper can be built at a cost of $22,500,000 
the entire investment might possibly be favorably considered. ( )ur efforts have, 
therefore, been confined within this limit of cost, and the results are respectfully 
presented for your consideration. 

It is propoMcd to build a ''cautiJever" bridj^e, having a span of 2,300 feet between 
centers of main towers, or upward of 2,(X)0 feet in the clear, and 2 anchor spans of 
910 feet each between center of main tower and anchorage pier. 

The clear heiglit above high water, at center of main span, will be 1.50 feet. 

There will be 6 railway tracks throughout tlie entire length of bridge and 
approaches. 

The main towers will rest upon 4 cylinders, each arranged in the form of a square, 
of 200 feet between centers. They will finish off with granite masonry at a hei^t. 
of 25 feet above high water. 

The anchorage piers will be founded upow c^\\w(Vv>t^ ^\\(S. ^\\\^<j^^^^^ -^VOsv'^^j:^^^^ 
maaonry to the underside of the bottom cllOTd oi \\\«> \.\\\^fi»^^. 
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In accordance with the law of the State of New York upon which the charter is 
based, the main tower on the New York side is placed wholly within the pierhead 
line. The anchorage pier on the New Jersey side is placed wholly within the pier- 
head line on that side of the river, and the center of the river pier is about 900 feet 
eastward from this same line. 

Accurate borings have been made at diiferent points within the limits of location 
permitted by the act, from which it appears that the distance from high water to 
rock or bowlder (at the site of the river pier) is upward of 250 feet, wiiile saud is 
found at a depth of 165 feet. 

It is proposed to constnict this river pier on a sand foundatiou, at a depth of 200 
feet below low water. The diagram submitted herewith indicates the general 
dimensions and pressnres for each of the 4 cylinders composing this foundation. 

The cylinders under the New York pier would be of the same dimensions, but the 
depth to a suitable sand foundation would be somewhat less. 

Detailed strain sheets are herewith submitted, showing the general distribution 
of material required to insure safety for the live load on six tracks having an average 
of 3,000 pouufls per running foot on each track. 

Suitable provision has also been made for wind strains and for strains during 
erection wherever they exceed normal strains. 

It will be observed, by reference to the diagram of the foundation cylinder, that 
the total pressure (from live and dead loads and wind strains) upon the top of the 

franite capping is 8.84 tons per square foot, and that the abnormal pressure on the 
ase, where the concrete tilling comes into contact with the sand (at a depth of 200 
feet), is 7.16 tons per square foot. 

The nearest precedent believed to be in existence for a deep foundation of this 
character is the pier foundation for the ilawkesbury bridge in New South Wales, a 
diagram of whicn in herewith submitted. The abnormal pressure per square foot in 
this latter case is 5.7 tons, with a depth of only 8 feet in the sand, and at a total 
depth of 162 feet below high water. 

As it is well known that the resisting force increases with the depth, it is believed 
that the assumption herein taken is justifiable, but in order to make sure it is pro- 
posed (and provision has been made in the estimate for same) to sink a trial cylin- 
der, 20 feet diameter, in the center of the square between the four cylinders com- 
posing the river pier. From the experiment<al data thus obtained as to the exact 
amount of skin friction and resistance to settlement, more accurate proportions can 
be given to the main cylinders, particularly with reference to the relation of weight 
required to cause settlement daring dredging. 

It will be observed that the effect of skin friction has not been considered in cal- 
culating the supporting value of the foundations. This will be wholly on the side 
of safety, therefore, and will unquestionably reduce the abnormal pressure on the 
sand at the foot of the cylinder. 

These cvlinders will be filled up with concrete made of the best Portland cement, 
lowered through the water in the most approved manner, and finished off at about 
the level of the bottom of the river. The outer skin of the cylinder will be carried 
up above high water, temporarily, to facilitate the construction of the masonry from 
the river bottom upward. 

In the completed pier there will be no metal work exposed to corrosion where it 
might give rise to anxiety. 

It is proper to state that what is called *'fp:auite masonry*' consists of a 4 feel 
ring of cut granite and 4 feet of dressed granite coping ; the interior to be made up 
of large irregular masses of stone, set in concrete, exactly as was done in the case of 
the piers for the "Forth Bridge." 

The estimate of cost of the rivf r pier and the New York pier is herewith given in 
detail, together with the cost of superstructure, and other items to make up the total 
cost of the bridge proper, from which it will appear that, with a span of 2,300 feet 
between centers of towers (or a clear span of upward of 2,000 feet), the limit of 
what h^ been found to be a practicable expenditure is reached. 

In view of the evidence presented, you are respectfully requested to consider favor- 
ably the following propositions: 

(1) That a 2,000 feet clear span is the longest practicable span wherewith to cross 
the North Riyer, at the point indicated. 

(2) That any increase of span, short of the entire width of the river, viz, 3,130 feet 
in tne clear, would correspondingly restrict the free use of wharves on the New Jer- 
sey side. 

(3) That the cost of a river pier, at any point between the present location and say 
500 feet from the New Jersey side, would be practically the same as already esti- 
mated; whereas, the cost of the superstructure would increase mateiially with the 
length of the span. 

(i) That the position of the river pier, assumed at 2,000 feet in the clear from the 
JVejr York side, would be wholly witbin the space set apart aa ancboia^^ pounds on 
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the New Jersey side; as indicated by diagram attached hereto (takeu from the New 
York Times of Thnn»day, Seiptomber 7, 1893) ; from which it will be seen that 1,500 
feet was assumed to be siimoieut for the free and unobHtrAeted navigation of the 
Hudson at that point. 

And f^irther, that such pier, when provided with suitable warning signals, would 
be a positive advautage to navigation in time of fog. 

And further, that the piers of the Poughkeepsie bridge, crossing the Hudson River 
75 miles above, are 500 feet apart in the clear, and have not proved a Herious obstruc- 
tion. 

And further, that the main ship channel to New York Harbor is 1,000 feet wide. 

(5) That the superstructure of a span without a pier in the river, for which it would 
be necessary to have a clear reach between centers of towers of 3,350 feet, would 
cost at least three times as much as the estimate herewith submitted; and the total 
oost of the bridge proper would be more than double the estimate for a 2,000 feet 
span. 

We have no hesitation in saying that, at such an increase of cost, it would be 
Impossible to raise the necessary capital ; and that, therefore, the bri(ige would be 
impracticable. 

In arriving at this conclusion we have been guided by the carefully digested 
opinions of men of large means, who have expressed a firm belief in the enterprise, 
if kept within the prescribed limit of cost; and from whom we should expect sub- 
stantial assistance in perfecting a sound financial basis of operations. 

I do not wish to be understood as admitting that a bridge of 3,350 feet can be 
constructed as a safe structure. 

We have made some preliminary estimates of strains for such a span, and the pro- 
portions have become so enormous as to raise very grave doubts in our minds of the 
possibility of designing such a structure, with sufficient rigidity to hold up its own 
weight— to pass the traffic— and to resist wind pressure. 

All of which, and such other data as may be in my power to procure, is placed at 
your service. 

In inclosure No. 1 will be found data upon which the estimate of probable traffic 
is based. 

In inclosure No. 2 references are given to loads upon masonry and foundations as 
they have been hurriedly collected. 

The following plans accompany this report: 

Five copies, pier fouudution. 

Five copies, plan of river, with borings. 

Ten copies, profile at proposed crossings. 

lliree copies, strain-sheets of superstructure. 

One copy, article from the New York Times, September 7, 1893. 

Charles Macdonald, 

Of Union Bridge Company , ' 
Xo. I Broadway, New York, 

Maj. C. W. Raymond, 

Chairman Board of Engineern appointed by the Prenidtnt upon the matter of 
length of apan of the ^ew York and Xew Jersey bridge orer the Hudson River, 



NOTKS AS TO PRESSURES ON MASONRY AND FOUNDATIONS. 
'tCk>llingw<MMl, "Manonry EMt River Bridge," Transactions Am. Soc. C. R.. Vol. vi, pp. 8 and 9.] 

Weight per cubic foot: Granite masonry, 153 pounds; concrete, 120 pounds. 
Pressure on central shaft, 26 tons per square foot. 

[Creay, "Encyclopedia of Engineering, 1847."] 

(Page 705.) Five and one-half tons on 9 square inches, 1,370 pounds per square 
inch, has stood for several centuries. ^'Chapter House at Kl^in.'^ Two columns in 
the Church Tonssaut d*Augers, 12 inches diameter and height 25 feet, carrying pointed 
arches; load on each, 25 tons, or 400 pounds per square inch. 

(Page 706.) IMers: Dome 8t. Peter's, 1,022^ pounds on 9 square inches, or 113 
poun<l8 per square inch : St. PauFs, 1,190 pounds on 9 square inches, or 132 pounds 
per square inch; Invalicles, 9'^2 pounds on 9 sciuare inches, or 102 pounds per square 
inch; St. Genevieve, 1,840 pounds on 9 square inches, or 2()4 pounds per square inch. 
Columns: St. Paul's, without the walls, 1,235 pounds on 9 square inches^ or ISTl 
pounds per square inch; Church Tonssant d'Augers, 2,T61 i^o\\\Yi^ wjL^^\sv«t^^Sxs.Ovifc^^ 
or 307 pounds per square inch. 

The above is quoted from '* Rondelet, Traits (VkTe\i\\.^<iVwx<i;'» 
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•lotin Ni-Hic;iu ' < \ liiidiT ]**riiii:r I ier«. ajiXiruMmate mJc Iuati» p«r nquarp I'uot.J 

Finn suud in r'«tu:irii-s aiul l>ayK. Ti u* ^.O tuif Dutch engiiieera conaider sale 
Loads on tirm. clean sauil (> t<i 6.1»> loiii*. Vitv lirm, cum] lact sand — foundations at 
con!>iilerab]c <l<>i)tli. not less than lO t'vt^t — anil samly uravel. 6.7 to 7.84 ton». Finn 
shale ami i-lfan gravel. 6.7 tu s.tH5 tons. (. •■uijiact gravel. 7.84 to 10.06 toua. 

Clean 8and, honiogeneunK Tbanie!» gravel. Iia» Ucen weighted with 280 cwt. per 
square foot at 3 to ."> feet belnw the surface, and showed no signs of failure, 15.68 
tons. 

«tiiuiUrd. " Fuiiiidaiii>ii«.' 




Cross, cwt., 159. nicluding adhesion (8.9 ions-. Cannon street, 117 owt., including 
adhesion (6.5 tons). Koi|ue Favor :Hpieiluct, *jr»8 cwt.. rocky ground (14.4 tons). 

(LeBlio. '*TniuiMt-iiiiiiii Institiilf nr Civil K.i.;:iui«'ri>, JHiiiiMry 2«. 1888."] 
Hooghly Jubilee bridge. 10 tons net. 

! Kn^iiu><-riii^ New*. ^lairli U. 1?n'>. | 




square foot under concrete, \H),K^) — 14.K»i», «>.:» tuns. 

Square feet. 

Area of bottom of buttress, 101..' sipiare 10^302 

I..e88 45 Hi|uare 2, 025 

EtVective area 8,277 

TVDII. 

14,000 by 13 feet, ISiUHlO by l.-»0 13, ®0 

Original weight 90, 850 

Lfss 13,65t> 

77,200 

On linec — c, pressure 77,2<'H) — S,L'77, ;».:iJ ton> per si|uarc foot. 
Area at c — c, ,"> square. 3,02.*> — L»5 Hi|narc. l'.HH> sijuare feet. 

Weight of buttress. 101..'> sipiare 10, :{iil> 

.V> s( I u a n- 3, 0-."» 

I by 78 8»|uaro 24. :Wt> 

37.r»*u< - r,. »i.J77 by 150 by 2.-. = 23.r>40»000 
pouuiU. 11,77" ttuis. 
Weight of shsitt, 77.-MH) — 1 1,770. «k>. |:{0 toii^. 

Average per stiuare fo<it, {u\\'M) — -j.HHf sijuare feet. 27.2 tons per square foot. 
Materia] is marble. 

At bottom of ftiuudatious. .■>.»;7 tons i)er stjuarc lout: at bottom of butti'ess, 9.32 
tons prr sijuare fimt: at botttmi of shaft. 27.2 tons jmr Mpiare foot: all exclusive of 
wind. 

krr llill Monument : On bard sand and graNcl.."*- ti»u^. no settler 

(hi hanlpnn. 



Bunker Hill Monument : <Mi bard sand and graNcl.."*- ti»u^. no settleiueut. 
Tower »»f briek churcli (Tbirty-si-\i nth stre«i and ritlb avenue): 



i tons piTsipiare foot, some sett lenient. 



CruNJiiug strcM;rtb of i-onerete. department of dm-ks: 1 : 2: ."m1 foot cube). Hard- 
eneil in wati-r forty-live days. I25 )toiinds square ineb.liO..*! ions siiuare foot. Hard- 
ened in water one year. I..'i20 inmuds square iinh. Hardened in air one vear. 1,630 
pounds Hquaro inch. 

im:\ iNir. siATixTu 5. 

I regret to say that miieb of the detaileil int'i.rmaiion which I expected to submit 
in tins a]>pcndix lias be.ii forwarded tt» LnmbMi. but the following will be of interest: 
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North Biver ferrieSf pastengers carried yearly, 

Staten Island 5,445,800 

Jersey Central 10,938,320 

Pennsylvania 14, 589, 060 

Barclay / 12,899,100 

Chambers 10,868,240 

Jtfy 2,164,640 

Desbrosses 8,067,960 

Christopher 11,739,130 

Fourteenth street 2,811,960 

Twenty-third street 3,594,620 

Forty-second street 1 , 744, 680 

Total 84,663,400 

The number of people crossing the East River ferries is slightly in excess of the 
above, or more exactly 88,663,500; but this is exclusive of the people who cross the 
Brooklyn bridge. 

These latter amounted to 42,615,105 in 1893. 

From the opening of the railway to public use, September 24, 1883, to November 
30, 1893, inclusive, a period often years and sixty-seven days, 304,875,286 passengers 
were carried. During any month the greatest number transported was 4,033,920 
in October, 1892, which included the week from the 8th to the 15th of the Colum- 
bian festival. The next greatest number was 3,846,493, in May, 1893, an average of 
124,080 per day. In one day of twenty-four hours, the maximum number carried was 
223,625, on October 12, 1892, during the Columbian festival ; the next greatest num- 
ber was 166,403, on January, 14; and the minimum number during the official year 
1893 was 45,280, on August 20. 

In 1884, the vear after the opening, the total number of passengers passed over the 
bridge was 8,828,200. 

The average number of cars of freight, Inbound and outbound daily, on the fol- 
lowing-namMl railroads, via New York and Jersey City, during the year 1890, as far 
as statistics have been obtained, is as follows : 



N. aud W., through. 
E. and S. and way . . 
Estimated coal 



Pennsyl- 

vania 
Railroad. 



318 
724 
300 



1,342 



Erie. 



Delaware, 
Weat Laoka- 
Shore, wanna and 

Western. 



322 
094 
210 



180 
260 I 



ctSTA ^•'•—- 



1,226 



390 



144 
402 
210 


138 

\- 328 

200 


48 
244 






756 


666 


292 

• 



Grand total, 4,672 cars daily; 1,706,280 cars daring year. 

Among the above items of freight which could be handled to advantage in New 
York may be mentioned — 

Milk daily carloads. . 53 

Flonr aud nioal .do 397 

Produce do 407 

Grand Central Station. ^Total passengers per day, 35,000; or 12,250,000 per year. 

St. Louis bHdge. 



1890. 



Loaded freight cars 259,187 

Empty freight cHrs i 178,197 

Passenger co.'iches ; 111. 350 

DaggBge, mail, and express 46,775 

Construction cars • 12, 948 

Revenue per loaded car ' $4.50 

Average number of cars per day 1, 940 

Number of passengers 1,367,184 

Revenue per passenger cents... 26.84 

Average number passengers per day ! 4, 149 

Ratio of expenses to earnings per cent . . : 41. T7 




1891. 



224,784 < 

132, 187 

115. 942 

50,009 

609 

$4.34 

1,434 

1.375,057 

26.15 

4,231 



232,250 

141,062 

125,676 

50,696 

4,847 

$4.46i 

1. 615 

1, 522. 037 

21.7 

4.ft4fi. 



214, 816 

139, 023 

128,601 

51,568 

7,605 

$4.58 

1,484 

1,587.649 

24.6 
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It hat} been assumed that the suburbau traffic which can be brought into the 
terminal of the North River bridge, at Forty-second street and Seventh avenne, 
wilJ equal, if it does not exceed, that which is uelivered at the Grand Central Station, 
Forty-second street and Fourth avenue; and that of the western passeneer traffic 
now reaching New York, of which 70 per cent is carried by the New York Central 
system, a<^aiu8t 30 per cent by all other lines, a very considerable diversion will 
take place in favor of the new terminal. 

Based upon this, the total number of passengers paying toll over the bridge has 
been taken at 14,000,000 per year. Of quick freight, including express, it is safe to 
count upon 1,000 cars per day ; or, say, 350,000 per year. 

In assuming a rate which it would be safe to charge, per passenger and per car, 
the cost of motive power has been eliminated; that is to say, the cost of moving 
the passengers and cars would be borne by the railroads transportiuff them. 

Under this assumption, an average of 15 cents per passenger and f4 per car gives 
a gross income as follows : 

14,000,000 passengers, at 15 cents $2,100,000 

360,000 cars, at $4 1,400,000 

Gross income 3, 500, 000 

Less repairs, taxes, and sundries (about 36 per cent) 1, 250, 000 

Net income 2, 260, 000 

By reference to the St. Louis bridge charges for freight and passengers^ which 
include cost of motive power, these rates are moderate. 

Estimated cost of New York and Xew Jersey bridge. 

Superstructure, 230,000,000 pounds, at4i cents $10,350,000 

River pier 3,500,000 

New York pier 2,300,000 

New Jersey anchorage .* 400, 000 

New York anchorage 100, 000 

Tracks, 4,000 linear feet, at $2.50 x 6 60,000 

Interest 2,000,000 

Contingencies 1,890,000 

20 000 000 
Add 10 per cent 2,000,000 

Total 22,000,000 

EstiT\ated cost of river pier, on basis of 60 feet diameter on top and 100 feet diameter 

on bottomj tvith inclined sides. 

Excavation, 1,178,100 cubic feet, at 27i cents $324,000 

Concrete, 38,733 cubic yards, at $6 232,400 

Steel, 3,000,000 pounds, at 3 cents 90,000 

Masonry, 8,600 cubic yards, at $15 129,000 

Cost of one cylinder 775, 400 

Cost of pier, $775,400 X 4 cylinders 3,101,600 

Add 10 per cent 310,000 

3,411,000 
Test pier 89,000 

Total cost of river pier, say 3, 500, 000 
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IMmiUd wel^AI «f .V«w Tork Md Nno Jeneg bridge. 

Siupeoiled 8|)an, T'iO feet « to o end piti*: ronudi. 

^ropchoU 2,400,0» 

EaUpo-ta 1.900,000 

Bottom dior.U 2,900,000 

WebeyeliotH 1,500,000 

Vertical posts uid btaew 800,000 

Pi,iH 200,000 

Lateral Nvst-^.u 700,000 

StrluMTS 2,600,000 

Cross floor bewos 1.600.000 

14,500.000 

Two CMi til ever »iiis: 

.Top eliord ovebar« 13,400,000 

Wehevelmra 7,500.000 

Uottoiii chords 15.800,000 

Pins 1,000,000 

Wet) oam pre BsloD members 9,000,000 

Uteralsjatem 2,800,000 

Stringers 5.000,000 

Cross floor beams 4,200,000 

SDudriea 3,900,000 

6J. 000,000 

Two Boeliorwre arms, 840 feet c to c end ptos; 

EyebaraT. 21,200,000 

Bottom choriU 21,000,000 

Web oomprpwion membeni 34,000,000 

PiiiB 3.000,000 

Lateral system 3,S0O,00O 

StrlnBera 5.600,000 

Grose tloor beams S, 000, 000 

SmidrlM 3.300,000 

»5, 600, 000 

Two center towers: 

Eyi-I>urs 6,900,000 

Tower vertical poets 24,900,000' 

Bottom chords 6.900,000 

J,ateral nyBtom 11,600,000 

Stringers 1.100,000 

Crosa floor beams 1,900,000 

B«»dplat«a 5,700,000 

58,000,000 

Totals : 

gujipended span 14,600,000 

Two cantlleTer ariDS 63,000,000 

Two moborkge arms »,600,000 

Two towers 58,000,000 

230,000,000 



STATKMENT a 



New York, Jalg 17, 1SS4. 
0B9ITI.KMKN : In aocordance with your pBrmlssioD 1 avail myself of your courtesy 
to present to you the views of the Cuauber of Commerce of the State of New York 
aa represented fay its special committee on the Hudson River bridge. 
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The Chamber of Commerce on December 7 la^t adopted the following resolutions: 

^^Besolvedj That in the opinion of this Chamber the passage by Congress of any 
Bill permitting the construction of a bridge across the Hudson, with piers in the 
river bed, will be an obstruction to the commerce of this Port and an injury to" the 
entire country, particularly to the great West, whose procfucts find an outlet through 
the Erie Canal and the Hudson River. 

** Reaohedf That the Representatives in Congress from this State be requested to 
strenuously oppose the passage of any Act which will permit the building of piers 
or other obstructions in the river bed.'' 

The objections urged by the chief commercial body of this city against the proposed 
location of a pier or piers in the Hudson River between the pier-head lines, opposite 
the city of New York, are the following : 

The lower part of the Hudson River not only serves the purposes of river traffic 
and of the accommodation of the enormous trade that finds its way from the great 
West through the Erie Canal to tidewater, and from the brick, lumber, and stone 
yards, manufactories and ice houses along the river, but this great river between 
the New York side and the New Jersey shore furnishes such a harbor as can not be 
found in any other part of the world. It provides the most varied kind of traffic — by 
steamers, ferryboats, schooners, lighters, rafts, barges, largo sailing vessels, and 
yachts — with accommodation, and renders it possible for the largest ocean steam- 
ers to safely maneuver throughout it« whole extent. Although at the present time 
the piers accommodating ocean-steamship traffic do not extend much above the pro- 
posed site of the New York and New Jersey bridge, it can not be doubted that with 
the rapid growth of commerce and navigation of this port, the whole shore line 
within the citj' limits of New York on the Hudson River will be ultimately taken up 
in pier accommodations, as well as the opposite shore on the New Jersey side. This 
appears a safe prediction, in view of the fact that thirty years ago the harbor ship- 
ping of New York did not extend beyond Tenth street. At present it has reached 
Seventieth street, and on the New Jersey side there are now plans in contemplation 
and partly in execution for the building of piers as high as Eightv-sixth street. 

In connection with this extension of harbor traffic it should be borne in mind that 
ocean steamships t-end to grow larger, and that the space required for their maneuver- 
ing should therefore also be larger. It is for this reason that the East River is not used 
for the handling of large transatlantic steamers, but that these steamers find their 
docks on the North River, which is by far the most important part of the great harbor of 
New York, the importance of which is shown by the fact that byarecent bill inCon- 
jpress the port of New York will now include Yonkers. The placing of a pier or piers 
in the river bed at any point between the pierhead lines will, inevitably, seriously 
interfere with the maneuvering of these ocean steamers, as well as with harbor 
traffic in general. The obstruction to harbor navigation and the great danger to 
life involved in the construction of a pier or piers in the river bed must be patent to 
anyone who has crossed the Hudson Kiver in foggy, thick, or stormy 'weather. It 
is to be feared that the placing of a pier almost in the centet of the river will 
result not only in an obstruction to the passage of ice in the winter months, but will 
cause the formation of shoals around the abutments of such piers. 

The current in the Hudson River opposite the city of New York does not pursue a 
course parallel with the river banks, but runs diagonally across from shore to shore, 
thereby causing the greatest difficulty in handling tows and fioats in the harbor. The 
location of a pier in the river would greatly increase the difficulties and dangers of 
harbor navigation to those tows, and should a tow of canal boats or a steamer laden 
with passiMigers on this crowded waterway have the misfortune to come into contact 
with the abutments of these bridge piers, the serious consequences to life and prop- 
erty can well be imagined. 

The argument has been made in favor of the bill that the proposed pier is to be 
placed in the anchorage grounds, and not in the main channel. If this is so, the 
argument displays lack of information, for a nier placed in the anchorage grounds 
would render a large part of such grounds useless. No vessel of any size could with 
safety anchor within a circle of 2,400 feet in diameter of which the bridge pier would 
be the center. 

We believe that the existence of a natural rocky island, or islands, of the extent 
of the proposed bridge pier, in tlie same location in the river would never be toler- 
ated, and that millions of dollars would have been spent long ago to remove such 
serious obstructions to navigation in the river and harbor, andin view of the expend- 
itures of the Government for the purpose of removing natural obstnictions, the 
deliberate erection of artificial barriers would appear to be the greatest folly. 

The reasons against the pier were so convincing upon the legislature of the State 
of New York that the act giving a charter to the New York and New Jersey Bridge 
Company insisted upon a single span for this bridge. The company then appealed 
to Congress for permission to place a pier in the river; the President, however, vetoed 
the bill, in view of the danger to the commercial ana navigation interests of the first 
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port of this country. As the bridge company represented in Congress that a span of 
over 2,000 feet was a practical impossibility, 3^oar honorable Board was appointed by 
the President to examine into the qnestion thoroughly, whether a bridge could be 
built longer than 2,000 feet span, wnich, in this case, means a span over the entire 
river, for if built for 2,100 or 2,300 feet it would still leave a dangerous obstruction 
in the river between the pierhead lines, and would make the New Jersey shore in the 
vicinity practically useless for dock purposes. This, theu, is the question that comes 
before your honorable Board, namely, whether a bridge can be built over the river 
with a single span which would be practicable and not prohibitive in cost. 

There is no rule by which the practicability as to cost can be determined^ but in 
the view that a bridge with no pier in the river can be built at a cost that is not 
prohibitive the commercial and navigation interests of this port tind themselves 
supported by Mr. Thomas C. Clarke, the chief engineer of the New York and New 
Jersey Bridge Company in his report to the company of March 15, 1892, submitted to 
the U. S. Senate on March 23, 1892. In this report Mr. Thomas C. Clarke, the chief 
engineer of the New York and New Jersey Bridge Company, states as follows: 

'^I expect to be able to have plans and estimates of cost of the suspension-canti- 
lever bridge, requiring no pier in the river between the pierhead lines, ready by 
April Ist. * • * 

''X am now prepared to say that if thev decide that there shall be no pier in the 
river, I can build yon a bridge o^i the combined suspension-cantilever plan that shall 
be strong enough and stifi' enough to carry trains at 20 miles an hour, and at a cost 
that shall not be prohibitory.'' 

These views of Mr. Thomas C. Clarke, chief engineer of the New York and New 
Jersey Bridge Company, have the indorsement of Mr. W. A. Roebliug, who has writ- 
ten to me nnder date oi* June 21 last as follows: 

''I am not familiar with the proposed tlesijzns for this work, but may say in gen- 
eral that a cantilever with two spans of 2,000 feet each is considered feasible, and 
that a suspension bridge with a single sjian of 3,000 feet is also feasible, with some 
increase in cost. Such a span is within the carrying capacity of a commercial qual- 
ity of steel wire.-' * * • 

Mr. Roebling also states as follows: ''I will close by saying that only two years 
ago the promoters of the New York & New Jersey Bridge Co. had determined to 
adhere to the suspension principle, in which I was consulted,'' * * * %\ins 
amply corroborating the statements of the chief engineer of the New York and New 
Jersey Bridge Company. 

The Chamber of Commerce of the State of New York has retained Mr. William 
Uildenbrand, recommended to them by Mr. W. A. Roebling, and one of his most 
trustworthy assistants for many years, for the purpose of presenting to you tech- 
nical arguments in favor of a single span over the whole river, with its probable 
cost, its practicability, and safety. 

QusTAv H. Schwab, 
Chairman Special Commiitee on Hudson liiver hridgty 

Chamber of Commerce of the State of New York, 

The Board of Engineers ox Hudson Rivkr Bridge Span. 



Appendix C. 

LETTER OK MR, W. HILDENBRAND TO MR. GVSTAV H. SCHWAB. 

Nkw York, July 12 ^ 189 4, 

Dear Sir: In answer to your ([uestion whether it be possible to construct a prac- 
tical railroad bridge across the Iludsou River at or near Sixty-ninth street witliout 
a pier between pierhead lines, 1 do not hesitate to say yes, and be<; to submit to you 
the following data, which will demoustrate by tigiires that a 8usj)en8iun bridge of 
over 3,000-lbot span is not only an engineering possibility, but also will compare, 
from a comiuorcial point of view, not unfavorably with a cantilever bridge of 2,100- 
foot span, aa suggested by the Ncav York and New .Jersey Bridge Company. 

The design, as submitted to you, must be considered as a mere preliminary sug- 
gestion which might undergo many changes if the problem be worked out iu detail, 
but the caleulations show what can be done, and I am confident to say that the 
weight of the metal and the cost as given will not be far from correct figures of 
carefully x)repared plans and estimates. 

From a profile of the river, shown in a sketch of the proposed cantilever bridge, 
published in the Scientific American of June 16, it appears that the distance between 
pierhead lines is about 3,000 feet, consequently the length of a single-span bridge 
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was assumed to be 3,200 feet from center to center of towers, allowing 200 feet for 
the width of the latter. 

Most en^^iiieers will agree that the snspension principle is the only practical solu- 
tion for a bridge of that length; hence, without trying any other kind of construc- 
tion, all calculations are based on a design for a suspension bridge consisting of wire 
cables and stiffened by a truss with three hinges. This is not the most economical 
construction, but it was chosen for the purpose of showing the practicability and 
economy of such a design, even under unfavorable conditions, and, on account of all 
forces and strains being statically determinate, of eiisy comparison with a cantilever 
or other structure. 

A suspension bridge is never entirely rigid, because tho contraction and expansion 
of the cables under changes of temperature cause the floor to^lrop or rise to the 
extent of several feet. An absolute stiffening of the floor against distortion under 
one-sided loads would, therefore, be a waste of material, hence the stiffening girder 
for this assumed design was constructed only with such rigidity that the simulta- 
neous depression and rise of the floor under a one-sided load would create no steeper 
grade than 1^ i>er cent, or about the same as is caused by the rise and fall in conse- 
quence of extreme temperatures. Keeping these conditions in view, the following 
are the principal features and dimensions of this bridge: 

Total length from face to face of anchorage : feet. . . 4, 900 

Main span from center to center of towers do 3, 200 

Width of ti»wer at water line do 200 

Width of tower at floor line, about do 100 

Eastern eiidspan will consist of two independent truss bridges, each of -100- foot span. 
- Western end span will consist of three independent truss bridges, each of 266-t\)ot 
span. 

Deflections of cable: 

Main span at 55^ F feet . . . 322 

Main span at 0-^ do 319. 18 

Main span at 110-^ do.... 324.77 

Rise and fall of cable and floor for a variation of 110^ do 5. 59 

Length of cable in main span at 55- F do 3, iJ85. 26 

Length of cable from anchorage to anchorage do 5, 120 

Deflection of back cable from a straight line connecting toj) of tower ami 
face of anchorage : 

For dead load feet ... 9. 8 

For dead and live load do 7. 2 

Depression of center span when fully loaded: 

Arising from the elongation of cable of 5, 120 feet length do 4. 21 

Arising from the change of <leflection in back cable do .5 

Totiil rise and fall of floor in center of bridge under extremes of tempera- 
ture and load feet ... 10. 3 

Camber of floor at 55'^' F do 8 

Grade of floor at 55^ F per cent . . 1 

Grade of floor at 0^ F do.... 1.35 

Grade of floor at 110^ F do.... .66 

Camber of flour at 1 10^ and floor fully loaded ». feet ... .62 

From these flgures it appears that the maximum grade of the floor is less than 
1^ per cent, and that the floor, when fully loaded in the warmest weather, will 
never sink below level. 
The height of the towers will be determined by the following flgures: 

Feet 

From high wat^er to under side of bridge 150 

Thickness of floor 8 

Camber of floor 8 

Bottom of cable above floor in center 2 

Deflection of cable 322 

Extra height of tower to support two or three tiers of cables 20 

total *. 510 

The bridge is supposed to carry six railroad tracks, and the live load is assumed to 
be 18,000 pounds per linear foot, covering the whole span from tower to tower. 

If the moving load were but 4,500 pounds per linear fof»t. and one-half the span 
be covi-red with the same, it can be shown that, without any stifl'ening construc- 
tion, the floor would deflect 6.01 feet at one quarter of the span and rise 5.23 feet at 
the opposite quarter, making a total difference of 11.24 feet in 1,600 feet, or a grade 
of 1.4 per cent. This is admissible; hence the stifl'ening girder must be calculated 
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to resist a live load of 13,500 poimds per linear foot, and must be dimeusioneil to 
deflect not over 6 feet in the quarter span. The span of the stiffening girder is 
3,100 feet, and its height was assumed 80 feet, or one- fortieth of the span. 

According to the theory of stiffening girders, as shown by Rankine. the loaded 
half of the truss must be calculated for a unifonuly distributed lead of ^'*^^" pounds 
per foot, and the' unloaded half for the same force, acting upward, deflecting the 
girtler thus: 



Assuming a unit strain ot' 20,000 pounds per square inch the max. chord section is 
1,206 square inches (= 633 square inches lor one chord of each of two trusses); 
the average weight of chords, 7,332 pounds per foot(= 1.833 pounds for one chord of 
each of two trusses); the average weight of web members, 3,048 pounds per foot; 
total, 10,380 pounds per linear foot. 

Calculating the deflection of this truss, it will be found to be 4.58 feet, if the 
elongation and contraction of the web members and the separate moment of inertia 
of each chord be neglected. The true deflection would therefore not exceed 6 feet. 

The weight of the platform per double track is about the stime as that of any 
first-clasH railroa^l bridge, viz, 1,800 pounds per linear foot. 

The floor beams will not reach across the six tracks in one span, but will be sup- 
ported at two intermediate points; hence the total weight of the platfoim will be 
5,400 pounds per linear foot. 

The aggregate load to be sustained by the cables will be comp(»sed of the follow- 
ing weights : 

Pounds per 
linear foot. 

Moving load 18, 000 

Weight of .stiffening trusH 10. 380 

Weight of platform, 3,900 pounds steel and 1,500 wood 5, 400 

Weight of jjrojecting emls of floor beam 300 

Weight of Hway-bracing and intermediate lloor-beam suspenders 810 

Weight of '^•iml cables an<l wind bracing 1, 240 

Weight of suspenders 1,110 

Weight of cables 12, 500 

Total 49,-740 

Total load on cable: 12,500 x 3,200 + 37,240 x 3,100 = 77,722 tons; tension in 
cables at one-tenth deflections 104,613 tons; allowing a strain of 30 t-ous per 
Sl[aare inch, it requires 3,487 square inches or 74,570 No. 3 wires (diameter, 0.244 
inch) which will weigh 12,000 pounds per foot. 

Assuming 12 cables, 1 cable will consist of 6,220 wires and will have a diameter, 
including wrapping, of 23 inches. With 14 cables the diameter of each would be 2l| 
inches. 

The size and number of cables may be varied according to individual opinion, but 
the above size may be advisable for coinciding nearest with the cables of the New 
York and Brooklyn bridge. The latter were designed to contain 6,308 wires, but 
eventually were built of 5,400 wires of a heavier size. 

There is no reason to assume that larger cables could not be maile, but there can 
certainly be no doubt about the successful cimstruction of cables if a size be adopteil 
which is near the limit of the precedent given by the cables of the Brooklyn bridge. 

The following sketches will illustrate the general design: 

Cable making will require from 16 to 18 months, including the accessory work of 
erecting •* cradle** ro])es and foot bridge. 

The time consumed for making two of the Brooklyn bridge cables was 9 months, 
but several methods applied there could be improved upon for shortening the time. 
For instance, all cable wire was stored on one shore and taken across the river from 
one side. It required from 7 to 8 minutes for the wire to travel across, while regu- 
lating the same took ©nly 2 to 2^ minutes; therefore, the time for strand making 
can l»e shortened one-half if the wire wheel, instead of returning empty, would 
take a wire across from the op])osite shore. To ''let ott'" and regulate one strand 
required from 3 to 4 <lays' labor, and while this work went on strand making of the 
Brooklyn bridge cables was interrupted. There is no particular reason for this, and 
it is fully practical to make a new stnnid while another is regulated. In this way 
the time of making cables is actually confined to the time of regnlatin^^ sttw^A^, 
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Each of the 12 cabloA will consist cither of 19 or 37 strands, the former having 
the advantage of quicker work, but dealing with great weights. The latter makes 
it easier to handle tlie strands, though it ui:iy take a litth* louger in regulating 
them. Assuming 37 strands, and 3 days for regulating each strand, the time of mak- 
ing one cable without wrapping would be 111 days. 

Two wrapping michines. working from the towers towards the center, will wrap 
about 2i> feet per day, requiring 160 days for the whole span; but with a sufficient 
number of ''squeezers" it would be just as practical to e;nploy 4 or morn wrapping 
machines and shorten the time accordingly. If the time for wrapping the cable 
be re I need to 80 days, the total time necessary for making 1 cable will be 191 work- 
ing or 224 calendar <lays, which is less than 7^ months. Hence the above-stated 
time of 16 or 18 months for the whol« operation of cable-making gives a liberal 
allowance for contingencies and for the erection of the auxiliary structures. Of 
course it will be necessary to make arrangements for constructing all cables simul- 
taneously, which can easily be done, ]>rovided the cables arc not less than 3 or 4 feet 
apart. 

For attaching the snspenders and making connections between the cables, cable 
bauds may be employeil which are made in two parts, provided with heavy flanges, 
and screwed up with three or more bolt-s in each tlange. The cable bands of the 
Brooklyn bridge were forged of one piece and screwed up with but one bolt; they 
were perfectly tight when of correct size, but they hail a tendency to slide when a 
little too large. Hands made in two parts, ns described, will never slide if properly 
constructed, oecause the number and si/.e of the tightening l>olts can be calculated 
according to the re(iuisite friction. 

The unit strain ol (>0,0()0 pounds per sifuare inch of cable wire was based on an 
nltiniate strength of 180,000 pounds. Mnch stronger wire, up to 300,000 pounds, can 
be made, but that of 180,000 pounds seems preferable on account of its easy manu- 
facture and chea]) price. The limit of elasticity of this wire is 120,000 to 130,000 
pounds, hence a maximum strain of 60,000 pounds, which rarely if ever occurs, is a 
perfectly safe assumpticm. 

The stitleiiing truss is subjected to reverse strains hence a unit strain of 20,000 
pounds per square inch is by many engineers considered equal to one of 40,000 
pounds. 

While this may be true if the oppo8it4' strains occur in rapid succession, namely, 
at the rate of 5 to 20 and more times per second, as in car axles, it is, on the other 
hand, known from the experience with rails and continuous bridges that it is not 
true if the interval between the occurrence of the different strains within the ehistic 
limit affords plenty of time for the recovery of the metal from the elastic deforma- 
tions. But even if the strains were as high as 40,000 pounds, there could be no 
objection to it if we aditpt high-grade steel, of say 80,000 pounds ultimate strength 
and 50,000 pounds elastic limit, considering that the maximum strain in the stifien- 
ing truss is based on an improbable assumption of load distribution, which may not 
occur once in a lifetime. 

Lastly, it may be mentioned in jostitication of a high unit strain, that the stiffen- 
ing truss is not a necessity, but merely a convenience; in other words, it could be 
dispensed with if a locomotive and train conld ascend a 6 or 8 per cent grade ; hence 
a mptnre of the trass wonld not endanger the safety of the suspension bridge, but 
would merely cause a temporary inconvenience. 

The following table gives the calculated weights and the approxim ite cost of the 
bridge : 

Stiffening trusses, swav braces, and intermediate floor- beam snspenders, 

11,190x3.100 = 17,345 tons at 4 cents $1,387,600 

Floor constraction, 4,200x3,200 = 6,720 tons at 3i cents 436, 800 

Towers, 26,330 tons at 4i cents 2, 238, 000 

Anchor chain and plates, 12,000 tons at 3^ cents ^ 840, 000 

Woodwork and track, 5,200 pounds at $24 124, 800 

Cables,12,000x5,120 = 30,720 tons at 7 cents 4,300,000 

Wihd cables and suspenders, 2, 350x3,200 = 3,760 tons at 8 cents 601, 600 

East land span, consisting of two 400-foot S])an truss bridges, weighing 

per foot, including floor, 13,950 pounds x800 =5,580 tons at 4 cents 446, 400 

One land pier, 146 feet high, 416 tons at 4 cents 33,300 

West land span, consisting of three 266-foot span truss bridges, weigh- 
ing per fdot, including floor, 9.000 poundsx8(X) — 3,600 tons at 4 cents. 288, 000 

Two land piers, 146 feet high, 468 tons at 4 cepts 38,000 

Anchorages 2, 500, 000 

Total, 106,959 tons 13,234,500 

This is without the cost of foundations. In explanation of the cost of the anchor- 
ages, it may be said that the cables were assumed to be anchored iaTQ^V^<c»\ -^^^ws^^ 
of 90 feet, and that the masonry above the tovrk-wowVV tv^^ Wl ^<i^\» "sCvi^x^Xicv^ 

6370 3 
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Tvater. For each auchorage u 15 by 20 foot shaft is supposed to bo sunk in the rock, 
'vrideued at the bottom to 50 by 50, requiring about 3,500 cubic yards of excavation 
and subsequent iilliug with concrete. The resistance of the rock body surronndiuff 
two of these shafts is at least 72,000 tons, and if a block of masonry coiitaining 74,0(W 
yards be added to it the total resistance will be 220, (XX) tons, aV^iust a maximum 
pull of 104,600 tons in the cables. Assuming the cost Df excavation at $3 per cnbio 
yard, filling with concrete at ^, and masonry at $14, the total lost of both anchor- 
ages will be $2,198,000, or $2,500,000, allowing 15 per cent for contingencies. 

The cost of making the Brooklyn bridge cables was 2.05 cents per pound. Wire 
of the described quality can be bought at 4 or, at the outside. 4^ cents; hence,^ a 
price of 6 tp 6^ cents i)er pound for the finished cable would be about correct, while 
7 cents was assumed in the estiuiate of cost. / I 

llie estimate must be considered as a liberal one in all items. 

It has been mentioned that (rabies placed vertically over each other may be con- 
nected in a way to form a suspended arch. This requires but little material for 
stifieniug purposes. No advantage was taken of this circumstance, though, if 
adopted, it would considerably lighten the weight of the bridge. 

Another reduction in the weight of the stiffening girder could be made by omitting 
the center hinge and making the truss continuous. This would reduce it« weight 
nearly 10 per cent, but as the calculation of such a truss requires the introduction of 
the elastic line, and could not be checked without considerable labor, I refi*ained 
from discussing the same in this conimunication. 

A comparison betweeu a suspension bridge and the proposed cantilever bridge 
must principally refer to the cost. Assuming the weight of the cantilever bridge to 
be about 116,000 tons, its cost at 4 cents per pound would be $9,280,(KX). To this 
must be added the cost of 1,080-foot approach, because the sus]>ension bridge is so 
much longer from end to end. If constructed like the western land span, this coet 
would amount to $440,000. 

It appears from the published river profile that the fonndation of the west canti- 
lever tower nmst reach to 200 feet below water level, while that of the suspension 
bridge tower would probably be less than 100 feet. This would make a difference 
of at least $1,000,000 in favor of the suspension bridge if the lower portion of the 
foundation were calculated at the same rate of cost as the up])er portion. The end 
abutments of the cantilever bridge will add $105,000, hence its total cost (exclusive 
of foundations), as compared with the cost of a 3,200-foot span, will be $9,280,000 -|- 
$440,000 + $1,000,000 -f $105,000 = $10,825,000, or $2,409,500 less than a suspension 
bridge of 3,200- foot span, supposing that the assumed weight of the cantilever bridge 
be approximately correct. 

There are some points tending to lower the cost of the suspension bridge or to 
raise that of the cantilever, for instance, the erection of a suspension bridge after 
the cables are linished, is much simpler and cheaper than the erection of a cantilever. 
The latter requires two false works 810 feet long by 150 feet high, and the main 
span must be erected from the towers toward the middle, while the superstructure 
of a suspension bridge can, without false works, be erected simultaneously at many 
places, as the cables form a bridge in themselves to work from at any point. 

In regard to the safety factor, if assumed to be 3 in either design, it is relatively 
of greater value for the suspension cables than for the cantilever truss, because the 
latter is exposed to impacts while the cable is free from them. A rolling load of 
18,000 pounds, on which the calculation of the suspension bridge wais based, is an 
excessive assumption, because the probability of a fully loaded lloor decreases pro- 
portionately with the length. 

For a live load of 18,000 jmunds per linear foot of bridge on a 2.100-foot s]>an, one 
of 15,(M)0 pounds per linear foot would be a full equivalent for a sj»an one-half longer. 
This item alone would save $2:^6,000 in Xhv cost of cables and anchor chains, not to 
mention the saving in the stifVening trusses and anchorages. 

It should be noticed, also, that the estimated cost ol" the suspension bridge includes 
contingencies, while no contin^euces were (considered in the estimate of the canti- 
lever. All these ]»oints taken into consideration, it is probable that the actual dif- 
ference of cost between a cantilever bridge of 2,100-lbot si)an. resting on a i)ier in 
the middle <»f the river, and asuspi nsiou bridge of 8,200- foot sjian, without an inter- 
mediate i»ier, may not exc<ed $2,000,(K)0. 

In the foregoing descri)>tion I frecjUJ-ntly used technical tt-rnis and niathenjatical 
expressions which are probably of no intt;rest to you. but as 1 uniler^tand that your 
object is to submit this rejiort to a boanl of exi)ert engineers, familiar with the 
science of bri«lge construction, 1 know they will lind it easier to i»ass an o})inion on 
what I have endeavored to elucidate when ihe princii>les froui which the data were 
deduced are mentioned than if I had merely furnished a table of quantities. 

Kes])ectfully submitte<l, 

W. 1Iii.i>i:nhj{and. 
GUSTAV H. ScinvAU, K^^Q., 

Chairman Special Committee Ckamher of Commerce, 
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APPENDIX. — CALCULATION OF WIND BRACING. 

In a<ldition to the lateral system between the trnsses two storui odbles will be 
stretched under the floor ft>om tower to tower : 







These cables should be adjusted to a bearing, without initial strains, at 110^. The 
contraction of the wire at zero will cause an initial strain of 26,800 pounds per 
square inch, hence the strain in the cables will be a maximum if the greatest wind 
would occur at the coldest weather. 

If it be the strain per square inch of cable caused by the wind pressure, the total 

strain in the cable resisting the wind force will be very nearly 26^800 -f- o and In the 

other cable 26,800 — — ,hence i£t = 2x 26,800 pounds, the strain in one cable will be 

53,600 pounds per square inch, and in the other 0. 

Assuming 150 feet to be the deflection of the cables in their normal position, and 
allowing an extreme side deflection of the floor of 10 feet, the following table gives 
the conditions of the cables at 0^ F. : 



Lengthof!^,^ ,, TeDBion 

cable I ^*^^®* *^"°' . P*^ square 
' inch. 



Preasureper 
linear foot 

of span, pro- 
ducing the 

tension per 'VJ"' *"* 

" "" , *^V entire span, 
square inch ''"»'*^«'i"*" 

in the preced- 
ing columu. . 



Total pres- 
sure for 



Feet. 


Feet, 


3215. 76 


137.7 


3218. 6 


150 


3221.4 


160 


3216.28 


140 



Pounde. 



Pounds. 



Pounde. 



26,800 

52,600 

4.220 



3.14 
6.16 
0.5 



10,048 

19, 712 

1,600 



^ It follows, from these figures, that a strain of 52,600 pounds per square inch for a 
side deflection of 10 feet from the normal position, will resist a wind pressure of 
6.16 — 0.5 =5.66 pounds per linear foot because the 0.5 pound arises from the pressure 
of the opposite cable, and not from the wind, or a total pressure of 18,112 pounds. 

The wind surface was approximated at 42.5 square feet por linear foot, and the 
wind pressure at 30 pounds per linear foot; hence, the total pressure is 1,275 pounds 
per linear foot extended over the whole middle span. Assuming a storm cable of 
126 square inches section weighing 420 per foot, it will resist a pressure of 126 X 
5.66 = 713 pounds ; hence, the truss chords and lateral system must resist 1,275 — 
713 =562 pounds per linear foot. 

The weight of the horizontal- web system was computed at 434 pounds per linear 
foot. The chord section for the wind truss will, therefore, be 337 square inches. 

The deflection (at 20,000 pounds per square inch unit strain) of this wind truss in 
the plane of the floor beam, and assumed as continuous, if calculated for a load of 
562 pounds per linear foot, is greater than 10 feet; hence, the chord section must be 
increased to re<luce the deflection to 10 feet. It will be found that a chord section 
of 466 square inches per truss complies with this condition, which reduces the unit 
wind strain from 20,000 to 14,000 pounds per square inch. 

On account of the center hinge (hinging the truss vertically) it will be necessary 
to transmit the wind pressure to the towers by means of the bottom chord alone. 
The section of one bottom chord of each of the two trusses in the quarter span is 



i 
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633 squuro iiicht'o, and in the center of the bridge will bo about 270 Konmre iuclies; 
hence, it will be necessary to a<ld 19(> mpiare incnes extending over about dOO feet 
each Hide from the center. 

The wind strain in the quarter span will be found to bo 2,585 tonh. This is resiated 
by a bottom-chord section of (>33 square inchcH in each truKs, to which shonld be 
added b'S square inches extending over 7(M) feet on each side of the center. With 
this increase of section, the niaxiiuuni unit strain in the bottom chord would be 
26, (XK) ))ounds, under the sup])osition of the improbable case that the greateat wind 
strain w.onld coincide with the maximum vertical distortion of the truss ander « 
one-sided load. The additional weight, rorreRi»onding to the mentioned increase of 
section in the bottom chord, amounts to 418 i>ounds |>er liiiear foot of bridge. 

The floor beams, which are supposed to be 3() feet apart, must resist the pressure 
of the cables, amounting to 120x6.16— 776 pounds per linear foot, or of 23,*.^ pounds 
per floor beam. This will reijuire an increase <if 1.16 square inches, or 370 pounds 
of metal per floor beam, equal to 13 pounds per linear foot. 

The total weight of the wind syKtem, therefore, in: 

l*ouiidii per 
line»r foot. 

Lateral- web system 434 

Additional of bottom chords of trusses 418 

Increase in floor beams 13 

Storm cables 840 

Total 1,705 

In the original estimate of weight the total weight of wind bracing was calculated 
to be 1,240 pounds per linear foot, based on the su]qiosition of a continuous truss 
which could transmit the wind pressure to the towers without requiring additional 
chord sections. 

The sus])ender weight was calculated for a unit strain of 20,000 pounds, while 
40,000 pounds would be a moderate strain if the sJispenders be ccmstructed of wire 
Tope, reducing the assumeil weight one-half. 
. The weight of wind bracing and suspenders should therefore be corrected as follows: 

l,705 4-5r>5=2,260 lbs., costing 8a') lbs. X 3,100 1,:il0 tons, at 4 cents =$107,260 

aiO-|-;M5^1,395 lbs. X 3.200 2,232 t^n is, at 8 ceuts= 357,120 

3,r»72 . 464,380 

This is 188 tons and $137,000 less than given in the estimate on )>age 33. 
The tower columns were culcuhited for a unit strain of 12 tons on top and 10 tuns 

at the bottom; hence, no ad<lition was made for wind strains, which are insignificant 

compared with the direct strains from the weight of the bridge. 

W. IIlM>KNURANl>. 



Appendix C*. 

STATEMENT OF MR. W. HILDENRRAND TO THE ROARD OF ENGINEERS. 

New York, July 20, 1894. 

(jrENTLEMEN : I beg to subuiit to you herewith a modiHe<l plan and estimate for a 
suspension bridge across the Hudson River at Sixtieth street. It diflers from my 
former design, oflered to the inspection of your honorable Hoard on .Inly 17 by the 
chairman of the si»ecial committee of the Chamber of Commerce, in being adapted 
to the correct prohle of the river and complying with your instrtictions as to nnit 
strains in different parts of the superstmcture and the admissible pressure on the 
fonndation : 

The following are the principal data of this plan: 

Total length of bridge feet.. 4,310 

Span from center to center of towers do ... 3, 310 

width of towers at base do . . . 180 

Clear span between piers (=clear waterway between pier head lines). do. .. 3, 130 

Width of tower at hi^h water, center to center of columns do. . . 131. 5 

Length of tower at high water, center to center of columns do. . . 340 

Width of tower at floor line do. .. 100 

Width of tower at top do... 70 

Clear span of cable in middle span do. . . 3, 240 

Deflection of cable at 55^ F do. . . 400 

Deflection of cable at 0^ F do... 397.63 

Deflection of cable at 110^ F do... . 402.90 

Lengths of cable in center span at 55^ do ... 3, 369. 1 
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Lengths of west back cable , . feet. . 1, 611. 7 

Lengths of east back cable '. do. . . 903. 2 

Total lengths of cable, anchorage to anchorage do . . . 5, 884 

Rise and fall of cable for a diflTerence of temperatare of from 0^-110^ . . . do . . . 4. 67 

Deflection of west back cable ft'om a straight line connecting top of tower 
and anchor pin : 

For dead load feet.. 32.1 

For dead and live load ^ . . do. . . 21. 6 

Deflection of east back cable from a straight line connecting top of tower 
and face of anchorage : 

For dead load feet . . 8 

For dead and live load do . . . 5. 3 

Depression of center span when fully loaded arising — 

Feet. 

From elongation of center cable 1. 77 

From elongation of west back cable 0. 85 

From elongation of east bark cable 0. 47 

From change of deflection in west back cable, causing the 

saddle to move forward ♦ 0. 92 

The same of the east bat^k cable 0. 06 , 

(This ilepression could be reduced oue-lialf if the cables were connected 

with the land piers by suspenders and hehl down.) 
Total rise and fall in center of bridge under extremes of temperatures and 

loads feet. . 10. 97 

Camber of floor at 55"^ F do... 9 

Grade of floor at 55° F per cent . . 1.11 

Grade of floor at 0^ F. (camber 11.37', less contraction of tower = 0.19) . do . . . 1. 38 

Grade of floor at 110° F. vcamber = 6.7 + elongation of tower = 0.19). do... 0.85 

Camber of floor at 110° if fully loaded (0.4 + elongation of tower) . . . feet . . 0. 59 

These flgnres show that the floor will never sink below level and that the maximnm 
grade is less than 1| per cent. It should also be noticed that this grade extends 
only over a few feet near the towers, and diminishes rapidly when a train proceeds 
toward the center of the bridge. 

The height of the towers is: 

Feet. 

From high water to under side of bridge 150 

Thickness of floor 8 

Camber of floor .*. 9 

Bottom of cable above floor : 2 

Deflection of cable at 55^ 400 

Extra height for the support of two tiers of cables 40 

Total 589 

The live load was assumed to be 18,000 pounds jier linear foot. The unit strain in 
stift'ening trusses does not exceed 15,000 per square inch for reversed stresses. The 
unit strain in the cables was restricted to 50,000 pounds per square inch for wire 
having an ultimate strength of 180.000 pounds. The stiffening truss was calculated 
to resist a live loa<l of 18,000 pounds per linear foot, covering one-half of the span^ 
while the opposite half be unloaded. 

It will require a moving load of 2,400 pounds per linear foot to deflect the dead 
mass of the bridge (without regard to any stiffening) 3.8 feet in one-quarter span 
and raise it 3.7 feet in the opposite quarter. 

This distortion of the floor causes a grade of less than 1 \teT cent. Hence this 
stiffening girder was calculated for a moving load of 15,600 pounds. 

To comply with this condition and not to strain the metal above 15,(X)0 pounds per^ 
■(|uare inch, the height of the truss wan chosen to be 120 feet giving the following' 
dimensions : 

MaximuuM^hord, section of either top or bottom chords square inches. 1, 395 

Average weight of both chords pounds per linear foot. 8, 060 

Average weight of web system do 4, 220 

Total do ....12.280 

It will be found that the deflection of this truss for a load of 15,600 pounds per 
linear foot is 2.35 feet if the elongations and contractions of the web members be 
Defected; hence it« true deflection will about coincide with the distortion of the 
cable under a load of 2,400 pounds per linear foot. 
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The intermediate floor-beam suspenders and cross- bracings were calculated for a 
local load of 200 tons, in addition to the dead weight on eacn suspender. 
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Allowing a unit strain of 20,000 pounds per square inch, the weiglit of these parts 
will be 1,332 pounds ]per linear foot. « 

The question was investigated whether there was an appreciable inclination of 
the floor beams if three tracks on one side of the axis ot the l)ridge were fully 
loaded in one-half of the spans, and if the opposite three tracks were loaded in the 
other half of the span. For instance, a load of 9,000 pounds per linear foot on the 
three right-hand tracks will depress the ri&;ht end of the floor beams 1.37 feet and 
the left end 0.53 foot. The same load on the left three tracks in the opposite half 
span will raise the right ends of the former floor beams 53 foot, and will depress 
tne left ends 1.35 feet: hence, the greatest inclination of a floor beam is 1.68 feet in 
100 feet, which is hardly noticeable. 

The two suspenders of one floor beam were calculated with a unit strain of 50,000 
pounds per square inch for the dead load, plus 600 tons, assuming six 100- ton loco- 
motives to meet on one floor beam. 

The estimated weight is 776 pounds per linear foot. The aggregate load to be sus- 
tained by the cable is : 

Pounds per 
line^ir foot. 

Moving load 18,000 

Stifi*ening trusses 12, 280 

Platform 5,400 

Projecting ends of floor beams 300- 

Intermediate floor- beam suspenders and sway braces 1, 340 

Lateral wind bracing 860 

Storm cables 840 

Suspenders 780 

Cables 13,000 

52, 800 

Total load on cables, 39, 800x3, 210 -f 13,000x3,240=84,939 tons. 

Tension in cable at one-eighth deflection^ 94,960 tons. 

Allowing 25 tons strain per stjuare inch, it re<iuires 3,800 square inches, or 81,270 
No. 3 wiies (0.244 inch diameter). 

Dividing the number of wires into 16 cables, one cable will contain 5,080 wires 
and will have a diameter of 20| inches. 

The tension in the east anchor chain will be 94,700 tons. The tension in the 
west anchor chain will be 88,500 tons; average tension, 91,600 tons; requiring 9,160 
square inches and weighing 39,700 pounds per linear foot. 

Tons. 

Total weight of anchor chain for a length of 510 feet 10, 120 

Weight of anchor plates 1, 580 



11,700 
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' The towers were calcnlated for the combined maximum load and wind Btrains at 
12 tons per square inch. 

Tons. 

Weight on top of tower (requiring 7,080 square inches) 84, 940 

Weight of tower 15,110 

Weight of land truss resting on tower 1, 400 

Wind strains 1,35P 

Pressure at base of tower, 102,800 tons, requiring 8,566 square inches. Average ' 
section, 7,823 square inches. 

Weight per linear foot, 52,150 pounds. 

Total weight of two towers, 579 feet high, 30,200 tons. 

The pressure on the rook foundation of the east tower will be 247,380 tons, and 
the buoyancy of the pier cylinder 90,250; hence the foundation must contain 15,713 
square feet in order to resist a pressure of 157,130 tons. 

This area can be procured by sinking eight cylinders of 50 feet diameter, filled 
with concrete, one for each tower column. The total mass of foundation work will 
amount to 2,081,300 cubic feet. The pressure on the west tower is less, owing to the 
light inclination of the back cable, hence concrete-filled cylinders of 47 feet diame- 
ter will answer the conditions of the foundation. 

The total pressure is 137,710 tons, requiring a foundation mass of 1,958,600 cubic 
feet. 

The east land pier, supportiu/^ two iudei>endent 400-foot truss bridges, requires a 
foundation niass of 100,400 cubic feet, requiring four cylinders of 20 feet diameter. 
As regards the pressure on the foundation, the cylinders mi^ht be smaller, but as 
they must be sunk to a depth of about 8iO feet, a smaller diameter seems not to be 
advisable. No land spans were designed for the west side, as the west tower coin- 
cides with the position of the west end abutment of the cantilever bridge; hence, 
whatever construction be used for this approach would be common for both designs. 

The west anchorage is entirely in rock 200 feet 1>eIow the snrflice, re((uiring 13,200 
cubic yards of rock excavation, 9,000 cubic yards of concrete filling, and 25,000 
cubic yards of masonry. 

Estimating the rock excavation at $4, the filling at $6, and the masonry at $14 per 
cubic yard, the cost of this ancliorage will be $450,000. 

The east anchorage is also partially in rock, which according to the contour of 
the rock strata will probably be found at a depth of 30 to 35 feet below high water. 
It requires, therefore, 6,800 cubic yanls of rock excavation and filling, 80,000 cubic 
yards of earth excavation, and 80,000 cubic yards of masonry. 

Estimating rock excavation at $3, earth excavation at 50 cents, concrete filling at 
$62and masonry at $14, the cost of this anchorage will be $1,221,000. 

The following is the calculated weight and estimate<l cost of tlie bridge: 

Stiffening truss, 12,280 x 3,210= 19,710 tons at 4 cents $1, 576, 700 

Platform, 4,200 X 3,310=6,950 tons, af3i cents 451,800 

Intermediate floor-beam suspenders and Hway bracing, 1,340x3,210 = 

2,150 tons, at 4 cents 172,000 

Towers, 30,200 tons, at 4^ cents 2,576,000 

Woodwork and track, 4,310 feet, at $24 103,400 

Anchor chains and plates, 11,700 tons, at 3.i cents 819, 000 

Cables, 13,000 X 5,884 = 38,250 tons, at 7 cents 5, 354, 400 

Wind lat-erals and additional weight in bottom chord and floor beams, 

860x3,210=1,380 tons, at 4 cents 110,400 

Storm cables, 840 X 3,210 = 1,350 tons, at 8 cents 235, 700 

Suspenders, 780 x 3,210= 1,250 tons, at 8 cents 200, 300 

East land span, 13,950 X 800= 5,5«0 tons, at 4 cents 446, 400 

East land pier, 150 feet high =420 tons, at 4 cents 33, 600 

Anchorages 1 , 760, 000 

Total superstructure, 1 18,940 tons 13, 830, 700 

Total foundation mass ^^4,140,000 cubic feet, estimated at 50 cents, will 
amount to 2, 070, 000 

Total bridge, 4,310 feet long 15, 900, 700 

The proposed cantilever bridge is but 4,120 feet long, and if its weight, asassumed 
in my former report bo correct, and the foundation bo calculated on the same basis, 
its cost would be about $12,665,000, or $3,235,000 loss than a single span suspension 
bridge. 

If the cantilever bridge was calculated, as I understand it was, for a unit strain 
of 20,000 pounds per square inch of metal, I beg to draw the attention of your hon- 
orable Board to the fact that this circumstance puts the comparison betweftx\.t\5.<i>^'^^ 
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bridges on two different bases. According to Cooper's specitioations, soft steel woald 
not reach a strength of over 60,000 per square in<*h, and mediniu steel would have 
an average strength of 64,000 pounds, hence a strain of 20,000 per square inch 
is equal to a factor of not over 3.2. The steel wire of whirh the cables of the 8U8X>eii- 
sloD bridge are to be umde will have a minimum strength of 180,000 pounds, hence 
a unit strain of 50,000 pounds is equal to a safety factor of 3.6. If this factor be 
placed at only 3.2, as in the cantilever bridge, the admissible unit strain would be 
56,000 pounds and the saving in the cost of cables $600,000, and in towers and 
anchorages $180,000. 

In regard to employing a unit strain of 20,000 pounds fpr the stiffening truss, as 
assumed in my first report, it seems at tirst sigiit high on account of working in 
compression as well as m tension, which induced your honorable Board to restrict 
this strain to 15,000 pounds per square inch. Personally I believe that a strain of 
20,000 will give ample safety, because the reverse strains will occur only at long 
intervals. But even with a strain of 15,000 the weight of the stiffening construction 
could easily be reduced 1,800 to 2,000 pounds per linear foot by connecting each pair of 
cables in a vertical plane in a way to form a suspended arch. The saving of weisht 
in the superstructure, cables, towers, anchorages, and foundation work would, in that 
case, amount to at least $1,600,000, reducing the^ difference of cost between the two 
designs, cantilever and suspension bridge, to about $1,500,000. 

Respectfully subniittted. 

VV. Hili>kjA*rand. 

To the Board of Enginekrs, 

Xeio York and New Jerney Bridge. 



Appendix D. 

NORTH RIVER URIDOK TO HOBOKKX. 
[Deoigned by Q. Lindenthal, Chief Enjdneer.J 
GENERAL. 

Location, — It is shown on the attached map, Exhibit A. Under the charter the 
company could locate the bridge anywhere over the Hudson River between the Bat- 
tery and the northern New York City limit. The location at Hoboken was advised 
by the principal railroad int'Orests as the most direct entrance into New York. It 
has also the advantage of accommodating local travel to Hoboken and Jersey City 
Heights, the revenue from which will be a large item. 

From a purely engineering point of view a location farther up, where the rocky 
bluffs are close to the water's edge, would have been preferable. It would have 
cheapened the construction of the bridge (with a single span under the charter) by 
several million dollars. The managers of the company, however, consideied the 
business advantuges of locating at Hoboken, and the larger revenue therefrom as 
far outweighing tlie cheaper ct>st of construction on a location fartheruorth. 

The location was approved by the Secretary of War December 29, 1891. 

The New York anchorage for this location had to be placed at the intersection of 
Twenty-third street and Tenth avenue, where the borings indicated the rock at 22 
feet below the surface. It is the old natural river shore. From this line towards 
the river is made ground, and the rock dips rapidly, reaching a depth of 190 feet at 
the foot of Twenty-second street, where the New York tower is located. 

Rocky bottom (whether solid or bowlders is not definitely known yet), overlaid 
with sandy clay, containing smaller bowlders to a depth of 2G feet, is found to exist 
for the New Jersey anchorage. The New Jersey tower will require less than one- 
half the depth of the New York tower for a foundation. 

The river between pierhead lines is here 2,740 feet wide. The New Jersey tower 
is located close to the New Jersey pierhead line. The New York tower is located 
150 feet back of the New York pierhead line, to shorten the New York end span, 
and to avoid deeper foundations. The resulting span is 3,100 feet center to center 
of towers. 

The total length of the bridge between anchorages is 6,800, and including the 
anchorages, 7,340 feet. 

Capacity of bridge, — It is based on the view that the bridge must derive its largest 
business from suburban traffic at low rates. The passenger travel to distant points^ 
together with the freight traffic likely to go over the bridge, would not pay on the 
investment. 
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The bridee, as a lateral outlet for the mames, mast have a large track capacity, 
on which the company has been at great pains to get the advice and estimates of 
railroad managers familiar with the situation. 

It is not necessary to give here the estimate of the number of trains capable of 
handling over the bridge, but only to explain that the in and out going tracks will 
be connected by loops at the New York terminus to avoid switching and delay, and 
to save the costly space for n switching station. As far as the New York passenger 
terminus is concerned, it will be as for a 4-track railroad doubled on itself. 

A switching and cleaning yard will be provided in the New Jersey meadows. 

The number of tracks over the bridge will be 8, namely, 2 tracks for suburban 
travel, 2 tracks for through passenger and express trains, 2 tracks for freight, and 2 
tracks for electrical railroads. 

Dnring certain hours in the morning and evening the freight trackH will be avail- 
able also for suburban business. 

The suburban loaded trains coming in the morning will turn around the loop and 
go back empty to their respective yards. The reverse process will take place in the 
evening hours. 

Since the largest growth of business will come from the suburban traffic, the 
structure is so designed as to permit of an addition of 6 rapid- transit tracks on a 
second deck. 

The anchorages and towers will be constructed for a capacity of 14 tracks, as 
shown below. All other parts of the structure will be erected tor a capacity of 8 
tracks. 

The additional cost of the heavier nnchorage8 and towen^ is such a snmll percent- 
age (about 9 per cent) of the total cost of the structure that it cuts no Hgure in the 
large cost of the entire undertaking. 

following is a brief description of the salient features, and of the dimeuMions and 
quantities of material in the structure : 

(1) AnohorageH, — Pull on each anchorage. 

From dead load, 8 tracks (1.5 tons per linear foot of superstructure), 58,000 tons. 
From the assumed live load (12 tons per linear foot of bridge on 8 tracks), 46,000 
tons. Total, 104.000 tons. 

Provision is made for a future increase to 14 railToa<l tracks, for which the pull 
from dead load (19 tons per linear foot of suspended superstructure) would be 73,000 
tons, and for live load (18 tons per linear foot of bridge), extreme limit, 65,000 tons. 
Total, 138,000 tons, maximum. 

Total net section of anchorage steel bars (60,000 ultin ate average strength) in 
each anchorage, 10,000 square inches. 

Anchor platforma of steel f 90 feet belotp the pavement. 

Weight of masonry and rock, and filling of stone, gravel, and sand, of each 

anchorage tons. . 480, 000 

Assumed coefficient of friction for masonry on foundation 0. 60 

Minimum resistance of anchorages against sliding tons . . 288, 000 

Total bearing area of anchor platform and anchor chains against masonry 

in each anchorage square feet/. 17, 000 

(For quantities, see estimate below.) 

Qtiantities in each anchorage (to grade Hue), 

Excavation cubic yards.. 30,000 

Concrete masonry do 96,000 

Ashlar granite facing cubic feet . . 440, 000 

Filling for weight, rock, gravel, sand, and tamped earth cubic yards.. 160,000 

Steel in anchors and anchor bars tons.. 6, 200 

Arohaltum for metal bearings cubic feet . . 1, 000 

Note. — The structure above the grade line of the anchorage is a building with an 
oi>en court or yard over the tracks — this building to contain way station (for elec- 
trical cars), accessible by elevators from the street, the upper part to contain offices 
(for rentin|j[ purposes) with their windows out upon the inclosed space or court. 

The outside of this building corresponds in architecture with the base of the 
anchorage, but the weight of the building is not considered (in the above given 
weight) as a part of the anchorage. 

(2) Towere. — The tower bases are hollow, of masonry, reaching 40 feet below high 
water and extending 30 feet above high water. 

The construction of the tower foundation on New Jersey aide, 90 fe4*t down to rock, 
is by the usual pneumatic method, using a wooden caisson, 175 by 335 feet, with 
two hollow spaces, each 90 feet square, where there is no pressure from the steel col- 
umns, the air chamber, after reaching firm bearing, to be filled w\t\jk>^^06A^ ^"axv^s^-^aa.^ 
gravel, and with concrete where necessary. 
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The wooden caisson is of cellular constniction ; one-third of the section conaistB 
of ffravel and sand filling. 

Bearing area, 40,000 square feet. 

Pressure on foundation : 80,000 tons from tower base, after deducting displacement; 
76,500 tons superstructure and steel tower, complete for 14 tracks; 61,000 tons 
extreme live load from 14 tracks ; total, 217,500 tons. 

Tons. 

Pressure, per square foot 5.429 

From wind pressure of 3,000 tons on tower, on lee side 200 

Maximum (per square foot) 5. 625 

From dead load alone (per square foot) 3. 92 

Maximum pressure on timber, 80 pounds per square inch. 

The New York tower foundation, 190 feet down to rock, is of a different eonstruc- 
tion. An open, braced caisson, or cofferdam, with lower edffe conforming to con- 
tour of rock, as obtained by borings all around, 350 by 180 inside, of wood and 
iron, 10 feet thick, fi)le<l with ^avel, is first sunk and the inside dreaged out down 
to rock, which is leveled off with concrete in bags, aud finely broken stone, below 
water. A hollow-spaced wooden crib, 345 feet by 175 feet and 150 feet deep, is built 
up floating inside tne caisson. Two large hollow spaces, 75 feet square, enlarging 
towards the top to 90 feet square, are spared out in the center of each half tower, 
where there is no pressure from the steel columns. Masonry'- below water is also 
built with hollow spaces. The whole mass of foundation is calculated to float 
daring construction, so that all masonry can be done above water till the whole 
settles down evenly upon the leveled foundation. All hollow spaces in the wooden 
crib are then filled with gravel and sand, and in the masonry, with concrete. 

Maximum pressure on rock foundations: New York tower, 130,000 tons, tower 
base, after deducting din placement; 75,000 tons, superstructure and steel tower; 
61,0()0 tons, extreme live loail. Total pressure, 267,500 tons ou 50,000 square feet, or 
5.35 tons per square foot; from extreme wind pressure, 0.26; maxinium pressare, 
5.61 tons per s<iuare foot ; from dead load alone, 4.13 t<m8 per stpiare foot; maxi- 
mum pressure on timber, 80 pounds per square inch. 

Eacn steel tower has 16 columns, with a total cross section of hard steel (100,000 
pounds ultimate per sqnare inch). At the top, 16x515 square iiiches=8,240 square 
inches. At the base, 16x580 square iuche8=^9,280 square inches. 

Diameter uf columns, 8 feet at top; 9 feet at bottom. 

(For quantities, see estimate below.) 

Pounds. 
Compression per square inch of steel from dead loa<l of ouly 8 tracks, aud 

from maximum bending moment 12, 500 

From maximum live load of only 8 tracks 9, 600 

Total - 22,100 

From dead load in the future of 14 tracks and from maximum bending 

moment 15, 300 

From maximum live loa<l of 14 tracks 14, 4:00 

Possible maximum total 29, 700 

The elastic limit of thel()0,0(X) pound stt-el is 60,000 pounds. Buckling strength of 
steel columns is 5i,4(X) ]>oun<ls per square inch. 

With 16 trains of ordinary size (600 tons each) on the bridge, the total compres- 
sion per square inch in the tower columns will not exceed 13,500 pounds per Sf^uare 
inch for 8 tracks superstructure. 

For 14 tracks superstructure the total compression from <lead and live load will 
rarely reach 17,000 pounds ])er.s(iuare inch. 

The above considered maximum c(uupression of 29,700 pounds per st^uare inch 
may never occur in the life of the bridge. It would require a live load of 122,000 
tons, equal to about :^,0(>0 loaded freight cars. 

The temperature strains in the cable do not affect the towers, but the towers 
themselves are exposed to bending strains from temperature differences in the col- 
umns, exposed to the heat of the sun, and others being in the shade. The computed 
deflection of tower tops from this cause, for differences of .30-^ F., is 2 inches. 

The deflection of tower tops lengthwise with bridge from difl'erence of load effects 
will not exceed 8.1 inches. 
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QuaniiiieB in New Jeney totcer base {lM)feei below high wat^). 

Excavutiou cubic yards. . 105, 000 

Timber M.. 20.000 

Iron tons.. 460 

Concrete below water cubic yards . . 3, 000 

Gravel and sand tilling do 40, 000 

Masonry of hard-burned brick. 

Concrete and granite facing and coping cubic yards. . 56, 000 

Quantities in New York tower base and cofferdam (193 feet below high water). 

Excavation : cubic yards. . 360, 000 

Timber M.. 66,000 

Iron tons.. 2,340 

Concrete nnder water cubic yards. . 1, 000 

Broken stone do 3, 0(K) 

Gravel filling do 180,000 

Masonry, the same as for other tower do 56,000 

Weieht of steel for each tower: 

Sixteen columns, with base plates and cable bearings tons. . 7, 220 

Lattice, horizontal, wind, and longitudinal braciug do. . . 4, 060 

Cable chambers on top and upper bracing between towers do. . . mO 

One tower do.. . 12,220 

• Two towers do... 24,440 

(Quantities for each pedestal : 

ExcavHtion cubic yards. . 2, 000 

Masonry, concrete, with granite facing and copiug do 1, 200 

Steel columns, with bracking and vertical anchorage tons. . 170 

(3) Cables, — The 4 cables are computed with a factor of safety of 3 for a dead 
load of 15 tons ]M3r linear foot, and for a moving load of 12 tons per linear foot, 
covering the entire bridge. Maximum total l(»ad, 27 tons for 8 tracks. 

In ordinary operation the moving loud will rarely reach 3,000 tons for the middle 
span on all 8 tracks. 

The 4 cables are composed of pin-connected wire links. Each wire link is made 
up to accurate length of parallel wires looped around Hanged steel shoes, bore<l out 
to fit the pins. The pins are 16 inches <liameter and hollow. The steel wire is 
No. 3, Birmingham gauge (0.259 diameter), uutl has an ultimate strength of 180,000 
pounds per sciuare inch (9,6(K) pounds per wire). 

Wire linkd have the advantage of aceuruto work aud close inspection in the shop, 
quick erection, and testing to destructit»n. so tlieir aemrate value may be known. 
Wire links nermit also of variations in the cable section, as nee<led. 

The lengtn of the wire links varies from 50 ft'et at tne center to 54 feet at the 
towers. 

The horizontal panel length is 50 feet throughout. 

The links contain from 4U0 to 800 wires each, according to position in the cable, 
and on the ]>ins. 

The vertical distance of the cables is 55 feet from center to center throughout, 
i. e., the upper and lower cable have the same curvature. 

Each cable is com]Kised of 3 chains, one above the other, coupled vertically at 
the pins. The vertical couplings consist of one-half inch steel plates between 
links, sufiiciently strong transversely to transmit the increment of the web strains 
into the chains of the cable. 

The middle chaiu has alternately 9 and 10 links, and the upper and lower chains 
have each alternately 7 and 8 links. 

Total number of wires in each cable: At the tower, 18,4(X); solid metal section, 
975 square inches; ultimate streugth, 87,7(K) tons. At the <lip, 16,900; solid metal sec- 
tion, 890 square iuches; ultimate 8trenj;th, 80,()(XVton8. 

The dip of the cables is one-tenth of the span, 310 feet. 

The cables are so arranged that for an addition of 6 tracks (to a total of 14) the 
wires in ea<h cable can be increased in the future ui> to 25,000 by the addition of 
wire links. 

The chains of wire links are surrounded by a water-tight removable shell (or 
envelope) of corrugat<jd steel (one-eighth inch thick) 9 feet in diameter, as a pro- 
tection against the weather. 

The braeiug between the cables is of rolled steel. 

The verticals consist of two latticed 20-inch eyebars, varying In cross section f<\c 
one member from 140 to 80 square inches. 
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Tbo diagonals oonHist of sets of adjustable rods, from 2 to 3 inches square, with 
screw ends fitting into eyebnr saddles, having their bearings on the cable pins of the 
middle chain. The aggregate section of the square ro<ls varies for one member tram 
206 to 92 square inches. 

The average weight ]>er lineor foot of each Nuspended rib, including wire links, 
st«el shoes, fdns, and steel envelope, is 7,200 pounds; bracing between cables, 1,800 
pounds; total net weight of one rib average per linear foot, 8,500 pounds. 

Coupare<l with one of the four arch ribs of St. Louis bridge: Steel tul>e fianges, 
635 pounds average per linear foot; web, 285 pounds average per linear foot; total, 
920 ponnds. 

Or, compared with one of the six arch ribs of the Harlem bridge: Flanges, 850 
pounds average ; web, 190 pounds average ; total, 1,040 pounds. 

In the St. Louis bridge tne web is .30 per cent of the total weight of the rib; in 
the Washington bridge, 19 per cent, and in the North Kiver bridge only- 15 per cent 
of the total weight of the rib. 

The two ribs can resist a bending nxinient of 1,600,000 foot tons before the perma- 
nent tension in the upper cables from the dead load would be nullified. (Wire-liuk 
cables can not take compression, and overstraining from bending is next to impos- 
sible.) 

Calculation shows that to produce this bending moment trains, would be required 
side by side, 1,200 feet long, aggiegatiug 10,800 tons moving over the bridge. 

It would be next to impossible to bring such a Ioa<l and such an extraordinary 
assemblage of double-headed trains upon the bridge. 

The assiKtance of the stiffening trusses is here entirely disregarded, also that part 
of the live load directly absorbed by the cables by reason of their detlection. 

The calculated maximum detlection, at one <|uarter the span, from thisj. extreme 
load is 2.4 feet. In every- day operation the load ettects and detlection will probably 
not reach 10 per cent of this extreme. 

The suspended ribs, with a depth of one tifty-sixth of the span, are therefore stiff 
and strong enough to resist deformation, without stiffening trusses, from theheaTleBt 
moving load, and being in stable equilibrium are more rigid tban the compression 
ribs with tixed ends of the St. Louis arch bridge with a depth of one forty-tourth of 
the span, which are in unstable equilibrium and subject to compression and tension 
alternately. 

The suspended ribs are assumed to bo hinged at their ends in the anchorages and 
on the towers. This assumption is severely carried out in the construction. The 
exact equivalent for the hinge on the towers is a toggle joint, made of short wijre 
links. 

The diagonals of the cable bracing during erection remain loose. After erection 
of complete superstructure, and with the cables therefor in perfect equilibrium 
from dead load, equally divided upon the four cables, the diagonals are adjusted 
and receive a slight initial tension. 

The cable bearings on the towers are fixed, i. e., can not slide, but they can accom- 
modate themselves to the hinge movement of the toggle joint. Tlie bending strains 
in the t^iwers (from the difference of temperature, and from load effects in the 
cables) are allowed for. 

The temperature strains in the cables arc relatively small. The steel envelopes 
prot-ect the wires against the direct rays of the sun and against uneven heating. 

The bending moments from live load in the long end spans (having a dip of g-r) 

would be greater than in the middle span. 

To reduce them to the same limit, the end spans are in the middle ])rovided with 
anchor columns, reaching to masonry pedestals below. These columns bear no part 
of the dead load. They are connterweighted in the pedestals in such manner as to 
be affecte<l only by an excessive concentrated live load, in which case a positive or 
negative reaction (of ^ 6,0(X) tons, according to position of live load) is produced 
and accurately known. The computation of the bentling strains is thereby much 
facilitated. 

(NoTK. — This is the nresout arrangement, but a change to a fixed hinge, as more 
economical still, is under consideration). 

The weight per linear foot of the suspemled structure in the eud spans is brought 
within the same limits as for the middle span. 

The position of the anchorages and lengths of end spans are dictated by local con- 
ditions. If the anchorages could have been ])laced nearer to the towers it would 
have reduced cost of bridge very much, as shown below. 

The arch ribs are cradled 6.5 per cent, i. e., inclined toward eAoh other. They are 
160 feet apart on top of towers and 120 feet at the middle of span. 

No wind bracing is rer^uired between the cradled cables. 

The suspenders are ot bimdled steel wire ropes, .35 square inches solid section. 
Maximum tension, with 14 tracks, on one suspender, 700 tons. 
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Assamiu^if E = 29,000,000, the middle span would detlm't under the aMuiued iiiaxi- 
mam load of 12 tona per linear foot, whlrh may never orciir. 

From eloueatioii of cableH in middle Hpan inches . . 48 

From bending of towers do 21 

From + 65^^ F., as a maximum, aftecting only tlio middle span do 21. 7 

Maximum deflection do 90. 7 

Normal caml>er 15 feet =180.0 inchen for middle temperature at -f 50^ F. 

PoiiDtlH iier 
miuare iDcb. 

Tension in the cable wires from dead load alone 32, 500 

From temperature bendin*; moment fi, 200 

From full live load ( 12 tons per linear foot) 26, 000 

Maxiumm at center of span 64, 700 

Maximum from bending moment at the quarter 65, 000 

Lowest elastic limit of 180,000 pounds steel wire assumed at 85, 000 

But more likely to run up to 120.000 

The maximum deflection, at the quarter from one-sided loading, of 29 inches is 
<eqnal to a change of six-tentliH per cent in the graile on the middle span. 

Dravk platform ami wind f/irdn-M. — The ]>anelrt are r»() feet long. Stringers ])]aced 
•directly under the rails, which rest on wooden block cushions between steel guard 
rails, open on the sides to let chnler and snow fall through; no wooden ties at all 
«re used 

The space between steel guard rails is stretched over with a taut wire netting, 
weighing 2^ pounds per square foot. 

Stringers and floor beams, 5 feet deep, dimensioned for locomotives weighing 150 
tons with tender. 

The lower floor beam carries 8 tracks, and has 3 intermediate supports from a 
•cross arch above, for which it acts as the tension member l>etween arch footings. 

The cross arch is 65 feet high and ]>laciMl at every ]}tifSe\ point. It acts also as 
oross bracing between the lower and upper wind trusses. 

The cfoss arch is further to carry an up]»er floor beam for a second deck of 6 
rapid- transit tracks to be a<lded when neeiled in the future. 

fhi top of the cross arch is the promenatle, 20 feet wide with wooden flooring. 

The lower wind trussMs in the plane of the lower floor for 8 tracks. The upper 
wind truss is ]daced below the promenade. Koth are 115 wide, center to center of 
chords, ecjual to onc-twenty-sixth of the distance between the towers. 

Both wind trusses have tlio same chord sections (180 square inches each for 100,000 
pounds oteel) from en<l to end (nnchorage to anchorage). 

The wind trusses are pro]>ortioned as horizontal continuous girders of uniform 
ishord section, with a conse<|ueiit gr^at saving of metal for the chords. Their ends 
in the towers can slide and adjust themmOves* to temperature changes, but are 
arranged to resist vertical and horizcmtal bending moments at the towers. 

The ends of the wind trusses at the anchorages are flrmly anchored into the 
masenry, to also resist end-l>ondiug moments. 

The assumed wind pressure is 2,400 pounds per linear foot of superstnicture. 

Maximum stress in chord ^ .S6,000 ]iounds ])er square inch an<i maximum stress 
in diagonals -f 30,00i> pounds per stpiare inch from maximum wind pressure. 

The chord sections of the horizontal wind trusses are utilized also in two vertical 
stiffening tmeses, in connection with the floor system and cross an'hes, as an aid in 
distributing the concentrate<l train loads upon the braced cables, although not nec- 
«ssar>', as st-ated above. 

The cable ribs are so rigid that the aid of the vertical trusses amounts to only 10 
per cent; i. e.,-90 per cent of the deforming eff'ect from moving load goes into the arch 
ribs an<l 10 per cent into the stifl*ening trusses for equal values of deflection. 

Erection, — The construction of the anchorages and the erection of the steel towers 
otter no new features, except large size. 

All steel work, except wire loo])s, can be <lone with existing plant. The plant for 
making wire loops will be simple and not expensive There will be 9.300 wire links, 
and it is estimated that on one maohine tw<» links can be furnished per day on an 
average, which would require sixteen months on ten machines for tljc 9,300 links 
required. 

As for manufacturing capacity of wire, there are several large works equipped 
for it, and one of them otters to alone furnish all the wire (over 40,000 tons) in one 
year without extra effort. 

The links will average 4 tons each, and the cost of making the links is estimated 
at flve-eighths cent per ]>ound, including oiling. (The wires will not begalvani/.ed.) 

The erection of the superstructure will be similar to that for the Brooklv:^^'^^^>^^'^^ 
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i. e,f without false works. First, a tomporarv footbridge of wire ropes over the 
towers, stroufj: euoii^h to carry oue set of wire links of perniaueut cables. 

Tlidi, erectiou ot iirst wire liuks, suspended teuiporarily from the footbridge 
above, alternating one and two links, ronimencin^ at each tower, toward center 
and anchorage, reH]ie('tively, until lirst Ket of wire links is connected ap from anchor- 
age to anchorage lor eairh side. Thereon all following wire links are erected and 
pushed upon the pins without fuii/Iier support from the footbridge. The wire ropee 
of temporary footbridge are used afterwards for the suspemlers. 

The wire links, being all made in the shop to exact length, the same as eyebars, 
the erection of the cablcH can proceed without regard to the weather and without 
delay from adjustment; KK) erecting gangs, if needed, can l>e employc<l at one time 
simultaneously in the erectiou of the four cables, which can be completed in leas 
than ten months. 

The erection of the other parts of the superstructure is the same as for Brooklyn 
bridge. 

It iM immaterial what form the cables assume during erection. The adjustment of 
the diagonal bracing between the cables and of Htillcning tmssos takes place only 
, after the entire superstructure down to the rails is in place. 

The time of construction is estimated at four years, namely, two years for anchor- 
ages and tower bases, nine months for st<;el towers, and fifteen months for oablea 
and superstructure. 

Weights of superstructure, 6,8(K) feet long, between anchorages: 

(1) 8 tracks: 

l(K)-pound rails on wooden blocks. 
Steel guard rails and wire netting. 

Tons. 
200 pounds per linear foot of track 5,440 

(2) Floor construction, per panel of 50 feet: 

Tons. 
8 pairs of stringers 88 

1 cross arch, with suspended floor beam, including verticals 

for stiliening trusses 73 

2 sets of hanger eyeburs for cjible suspenders 7 

4 wind chords 65 

Horizontal wind bracing (average) 12 

Stringers and hand rail for promenade 7 

Diagonals of stiffening trusses (average) 8 

Total per panel 2(» 

Tons. 
Per linear foot of bridge, 5.2 tons 35,360 

(3) Suspenders of wire ropes 1, 900 

(4) Two cable ribs: 

Cables with pins, shoes, couplings, and shell 48, 960 

Bracing between cables S. 840 

— ■ 57,800 

Weight of superstructure, metal 95, 060 

Weight of superstructure, metal and track 100, 500 

Averagi" dead load of suiierstructure, per linear foot of— === 

Metal 13.95 

Track 80 

Flooring of promenade > .^ 

Teh'gr.iph wires ( "^ 

15.00 

_^L _!?"^':^i.y7r) tons dead load per linear loot of track, which is the same aa 
8 
for a HK)-foot Whi]>iile truss span. 
Total amount of steel in — 

Tons. 
Anchorages 12, 400 

Towers. 24,780 

.*>ui»erstructuri' 95,060 

132, 240 
J 30 240 
Weight of steel per linear foot of entire bridge, 7,310 feet long: -^— Q-.7r-=18.02 

tons, or 2.25 tons per linear foot of track. 
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The additiou of six rapid-trannit tracks (for a live load of 1 ton per linear foot of 
track), whenever needed in the future, will require 17,500 tons wire links' and 
10,200 tons of other steel work, 27,700 tons, total addition, at a cost of $2,500,000. 

If the bridge had been located at some point north, where the rocky bluds come 
close to the river, the length would have been reduced to about 5,500 feet, a saving 
in length of over 1,800 feet. 

For suspension spans of 3,000 feet, a difference of 200 feet more or less s]>aii does 
not greatly affect the cost per rnnuing foot. 

The cost of bridge would have been reduced : 

(1) In the anchorages, on account of the natural rock bluffs, at least $1,000,000 

(2) In the towers, probably nothing. ^ ♦ ; 

(3) In the superstructure, 1,800 feet shorter, about .* 2, 200, 000 

3,200,000 

Hence the bridge for eiffht tracks would then have cost only about $17,800,000. 

There is, however, an offset of 1,800 feet approaches against such saving, which, at 
$400 a linear foot, would cost $720,000, thus making the saving only about $2,480,000. 

Six per oent interest thereon wonld have amounted to $148,SdO yearly. 

The location at Hoboken holds out the certainty of greater revenue, from local 
trafiQc alone, by ten times the amount of the interest on the saving in cost of a shorter 
and cheaper location further north. 

Tile co3t of the land, of the approaches, and of the terminal station are greater 
than the cost of the bridge. There is, further, the interest account during construc- 
tion and the legal and administration expenses. 

July 18, 1894. G. L. 



Appendix E. 

THEORY OF THE CONTINUOUS 8TIFFSNINQ TRUSS WITH ENDS ANCHORED DOWN BUT 

NOT FIXED IN A VERTICAL PLANE. 

The ends of this stiffening truss are free to change their direction, but not their 
elevation, in a vertical plane, and the truss is continuous from end to end. The 
theory oi this truss has been published for a considerable number of years in 
standard engineering works, and its principal formulae only will be given without 
detailed demonstration : 




At 



X -> 



^i^^»^a >^jyS$<y 



c 

Fi(j, J. 




The moving load will be taken as ])assiu^ on the span from the left end A 
Reference will be made to Fig. 1 in the analysis and the following notation will be 
employed : 

Len^h of stiffening truss between centers of end supports 7 (feet) 

Moving load per linear foot \o 

Uniform upward pull (supposed to be distributed over \) per linear foot p 

Reaction of truss at A (upward under conditions taken) K 

Reaction of truss at B (downward under conditions taken) R> 

The coordinate of x or Xx will be measured from A as an origin positive toward 
C, the center of the span. In general, bending moments will bo represented by M 
and shears by S. 

In this case all the moving load is carried to the cable through the 8us])ondersj 
hence the two reactions K and K' will be equal and opposite in direction. 
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The equations of roiulition for equilibrium are: 

R-|.^/_M?J,-|-R'=rO (I) 

iof p!--\-Wt—htrx^'-^0 : (2) 

R-f K'=0 ". (3) 

Equatioii (1) at ont'o ^ivv»: 

i'=7' w 

Then from equations (2) and (3): 

R = _Ri^"-^'(^ 1_'^' ) (6) 

The ben<ling moment at any s^'Cition distaut jt (never greater than X|) ft'om A is: 
U = IU-(v,-„ )'■=.':/ {x,-x)(l-'j') (6) 

Heuce there is always a point ot contra-tlexure at the head of the moving; load. 
M has its maximum value for jr --''^' 

Hence : 

M, = "'^'' ( 1-'^' ) (7) 

♦ > 

Ml has' its maximum value for jTi = Z '• 
Hence : 

M ^^ "'' (8) 

max 27 8 

The unhtaded part of the span acts as a beam simply supported at its ends and 
carrying an upward load of uniform intensity /)= ^^^'. Henoe its greatest bending 

moment at center will be: 

-M,= '^-;' ( l-x, )' (9) 

o 
This has its maximum forxi ^^-^f- 

Hence : 

♦Mmax=2i T ('*»> 

if any given length of load, as irjTi, move over tht* hjkui, there will be a point of 
coutra-tiexure at each extremity of it, and the greatest bemling moment it produces 
(i. e., at its center) will be given in general by equation (7), or by equation (8) if 

•> 
iLsleugtliis ~ I. The range of the maximum downward bending mouient given by 

equation (S) \a the middle third of the s])an, while the same maximum, as an upward 
moment. e<|uation (10), occurs at the one-third points only. 

The Khear at any section distant x (less than ^i) from A'iHgure 1 ), i»: 



MEW rOBK ASD NEW JERSEY BBIDOE. 



49 



When X2srO (La., mt the end of the span) the shear is equal to the reaction B. 
The greatest shear is found by making x= and xi = i. in equation (11) : — 8 ^ 

'^-. When X is greater than ^, the shear S becomes negative and takes its maxi- 
mum at the head of the load, or for x=Xi : 



«=-^(l-^)=R« 



(12) 



Equations (11) and (12) give the shear when the load wxi occupies any position 
on the span, provided x ana Xi are measured flnom either end of that loading. 
The shear in the unloaded portion of the span {I — Xi) is: 



8 = _Ri-p(Z-x) = !^j(l-»')-2(l-*) 



(13) 



This expression attains its maximum values for x=2 and x=X|y as it then becomes 
equal to K or R> ; it also becomes zero for x = i(2-)-Xi). 

THEORY OF THE CENTER HINQBD STIFFENING TRUSS. 

There will be ^iven iu this appendix only such a concise statement of the theory 
of the ceuter-hmged stiffening truss as the purposes of this report require, but 
within those limits it will be complete. Those purposes are satisfactorily served by 
considering the question as a proolem in statics^ in which the effects resulting from 
the deformation of the cable, the elastic stretching of the suspenders, and the elas- 
tic deflection of the truss, all under the moving load, are ignored. A complete 
analysis of the influences of these separate assumptions exerted upon the results 
obtained would be out of place here, although the effect of the stretching of the 
suspenders is illustrated at the end of this appendix, but it may be stated that the 
resultant effect is to confer upon the cable an increased facility of adjustment in 
form to the requirements of a varying moving load, and hence, an enhanced capac- 
ity to receive such moviujg load directly through the suspenders without 
action of the truss. The variations from the exact treatment which involves the 
consideration of elastic deformation of the members named results in formula 
which, as the mathematical theory of the combined elastic action of cables and 
beams show, give greater bending moments and shears in the stiffening truss over 
the greater part of the span than those which actually exist. All estimates of 
material for the members affected will consequently be on the safe side. The 
influence of the elevation or depression of the cable as a whole, due either to a 
variation in temperature or to elastic extension, is eliminated by the center hinge. 




The moving load will be taken on t|ie left half truss A C, and the same notation 
as that given below fig. 1 iu the preceding section will be used. 

' C^SE I. 

In this case the moving load w will be taken as passing on the truss from A and 
its variable length measured from that point will be represented by xi. 

Inasmuch as the pull exerted on the truss by the suspenders is upward and as there 
is no moving load on B C\ it is clear that the reaction R' at B must be downward in 
direction and that an equal downward reaction must bo exerted by the half truss A 
C on B C at C, the hingo point at the center of the span. That downward reaction 
at C is a part of the reciuisito portion of the moving load v) x.\ ^'fe\««sv\\^'6^\s^ ^C^'^ 

simple principle of the lever applied to A C= k aa «k a^^x^i \NW\ftXj£ift oNX^^^^^^sx* ^'^ 

0370 i 
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that portion is carried directly to A without exertiDf^ any pull on the suspenderii and, 
consequently, without stressing the cahle. The part transferred to C (eqaal to the 
downward reaction at B) is evidently less than tnat transferred to A, except in uie 
case of the moving load covering the half span, when they are equal, l rem thii 
reasoning it follows that the total upward pull on the suspenders is less than the 
moving load ic jr i hy the excess of the part trausferre<1 to C, hnt both these differ^ 
encee disappear when the moving load covers the half span. 

The forces acting on the entire truss A B are, then, the upward reaction K (at A), 
the downward reaction R' (at B), the upward pull pi, ana the downward-moving 
load w xi, and it is necessary for equilibrium that their sum shall be zero. 

Hence : 

|*/ + R — irjr,— Ri=0 d*) 

Because the truss is hinged at the point C, moments of the same forces acting on 
each half, and about C as a center, must be equal to zero. 
Hence : 

* ^ ^ (15) 

y^^^ ^0 ' 

8 2 J 

By placing the two equations (15) equal to each other 

R=ii,x.-'^^»-R' (W 

The substitution of this value of R in eqnatiou (14) will give: 

|)P_R|I_ii?Xi« (17) 

S 4 ""8 

By the combination of the second of equations (15) and equation (17) : 

R,.*"*!* (W> 

*^ -'2r 

By placing this value of R> in equation (16) : 

E=««.0-XO ^"^ 

The value of R' froni equation (18) placed in the second of equations (15) will 
yield: 

2wx^ (20) 



These values of R', R, and p, in which xi must never exceed i /, will enable all 
moments and shears to be immediately written. . , , , ^ ^^ 

Theiixpressiou for the bending moment at any i>oint x (not greater than Xi) from 
the point of supjiort A is : 

M-Kx+,j-T='' H^-%')'+ci--' n \ -(«> 

In order to determine what position of loading must be taken so that the maxi- 
mum bending moment will exist at any desired section diMtant x from the point of 
flUPDort A, ihe first derivative of M in respect to jr, {x being considered constant) 
must be put equal to zero and then solved for x, : 



d 
dx 



^-*^i' 21 21-^ r- s -" 



•••^=5/i. ^ 
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By placing the valae of X| in equation (21) : 

/ 

I 



^=2 i3/-2x-* ! —n^^^r '[ (») 



.-.*='. (If-l) (24) 



Eqnation (23) will ^ive the greatest possible bending moment in the half trtiaa 
A C at any point indicated or located oy the ooordinate x which will never exceed 

2~ ' The corresponding length of loading fh>m A will be given by Xi in equation (22). 

The greatest bending moment in the half truss A C can be found by placing 

V— = 0, then solving this equation for x and placing its value in equation (23) ; but 

there is a simple prooedure. 

Let Xi be considered constant in equation (21), then if ^- =0 there will be located 
the section of the greatest bending for any giren length of loading Xj : 

3xi 

— 1 
If this value of x be placed in equation (22) there will result: 

G')'-a)+3-=« (»^> 

Equation (25) is satisfied, for: 

j' = .»» (26> 

Or, the greatest bending moment in the span occurs when 0.395 of its length is 
covered with the moving load. 

If J is taken from equation (26) and placed in equation (24) : 

x=.234I (27) 

Eqnation (27) thus locates the section of greatest bending in the span. 
By placing X := .234 2 in equation (23), that maximum moment becomes: 

Wl* /AAV 

M_^^= . 018826 — trP = . 1506 « (28) 

max o 



load 



The half truss B C is simply supported at each end and carries the uniform upward 
ad p per linear foot; hence it will be bent upward with the negative moment: 



This expression evidently has its maximum value when J^i =» • 
Hence : 

M- =-.!?lf-^?— x^ (29> 

max 4 \ 2 y 

In these expreaaiona neither Xi norx can evex excQ«(\. ^ 
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With th6 valae ap = -? i : 

4 

. MI =:-4if^'=_.^^ (30) 

-"max ^^ 6f ^ ^ 

The shear at any section located by the coordinate x (never exceeding Xi) is : 

.•.«=««(?f!!-l) + iewr.(l-^) (81) 

In order to determine the greatest shear at any point or section m the same pro- 
cedure employed for the moment must be followea : 

d8^^xxi^^_^Sp^Q fi , (82) 

dxi I* ^ I 3Z — 4r ^ ' 

This value of Xi placed in equation (31) gives : 

^^=^\m^-^\ <»> 

The value Si in equation (33) gives the greatest shear in the half truss at any sec- 
tion X, 

Theibrm of equation (33) shows that the maximum of all the values of Si will be 
found by making x = ; hence : 

^^^^ = ^J (3*) 

max 5 ^ ' 



\ 



By making x = in eciuation (32) it appears that the length of moving load 
required to produce tlie maximum shear is: 

ari«| (35) 

This value of Xi placed in e<iuation (19) shows that the maximum shear is equi^ to 
the maximum reaction R. 

The urecediug equations have been so written that an upward shear is positive 
and a downward shear negative. If Si be placed equal to zero, by using equation 
(33): 

x=| or ^ (86) 

The second value indicates nothing useful, but the first value ( j) shows that the 

shear is always upward over that quarter of the span nearest A, and downward or 
negative over that quarter adjacent to C. The greatest negative shears will 
obviously occur at the head of the moving load, and they will be given by making 
2r=X| in equation (31); 

_S,=i£L' ( 2^(-|) (37) 

For a maximum : 

The preceding reasoning shows that the maximum negative shears icill he given by 

equation {37) in which Xi must h^ive values between and only; but that the maxi- 

4 2 

mum positive shears will he given hy equation (•?•»), in which x must have values "between 
J?=C? and x= - onlif. 



« 
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Since for 2i=4> B>=^andj»=-^y the expreMion for tiie shear !n the half 
trass B C (or in the half tmss A C foUy loaded) will be; 

^-'<i-|) ^^^ 

By increasing x fh>m to -i in equation (38) there will remit the poaitiTeaheare 
in the right half of B C and the negatiye shears in the left half of B C. 

Casb n. 
In this case a moving load of length varying firom to -1 will be supposed to be 

placed on the span and to extend from the center C to any point distant C^l xi) 

tfom the end A. All notation' will remain as in Case I. 

The equations of condition for equilibrium corresponding to equations (14) and 
(15) now become: 

|,Z-|.R_tt,(^^_a!,^ — R»=0 (39) 



pl^ RH r 



(40) 



The two equations (40) give: 

^ = y(2-*>) -R' (^1) 

The substitutions of R from equation (41) and pi fh>m the second of equations 
(40) in equation (24) give: 

R.==f (i-x.) (?' + ^) (42) 

By placing this value of R* in equation (41) : 

_ M7 / Z \ / 1 3Xi \ 

R=2(2-*',)(2-t) («) 

The same valne of R' in the second of eqaations (40) : 

p='1'G-'^^(j+i) •••••• ■•••(**> 

The reactions R and Ri will evidently have their greatest values when Xi =0: 

R =R- ='*- (45) 

max max 8 

The greatest values of two . beuding moments must be determined — ^i. e., one at 
that extremity of the moving load at the distance Xi, from A^ fig. 2, and the other 
at any point of A C with that half epan entirely covered with the moving load. 
The expression for the moment at any point x between the end A and Xi is : 

M = 1U + ^ ,r^=. (.^-..) i|(i-^)+^e^+ 1) \ ....(46) 

The form of this expression shows it to be a maximum for x = Xi : 

M, = .rjr.l (g-*/)' («) 
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In order to find a maximum: 



«..j,(_j_.y_3<5.'.)'!=. 



Hence Xi = 



8' 



Which placed in equation (47) : 
"'max 8 612 8 



(48) 



If the moving load covers the whole of the half span A C, the moment at any 



w 



point X will he, since then p = » ' 



M.=(«.-,)|(j.-x)=i^(;..-x) 



(49) 



This ia the maximam for «=-2^ : 

4 



W =.125 -"''-= 'fil 
"^ max '^ % 64 



(50) 



The bending in the right half of the span is given by equations (29) and (30) in 

le preceding case. 

The general expression for the upward (positive) shear in the unloaded portion Xi 



th^precedinff case. 

general 
of the left half, A C, of the span is~: 



8=R+px=«-Q-x.)(l_5'+.^.+ ^) (51) 

For the greatest value of S, always x = Xi: 

s,=.g-..)!'G-'t)+¥! ™ 

The shears in each half of the span with the left half, A C, fully loaded, have been 
given in the preceding case by equation (38). 

EFFECT OF CHANGES OF LRNOTEES OF THE SUSPENDERS ON THB DISTRIBUTIVE FUNC- 
TION OF THE STIFFENING GIRDER. 

The suspenders are lengthened or shortened by changes of temperature ; they are 
lengthened by the live load ; their increment of length due to either cause are pro- 




portion»2 to their length; these increments are, theretbre, ordiuates of parabolas. 
BeferriDg to &g, 3. where ACB represents the cable, a oh t\ift Et\tt«imiv^ ^vt^«t,%!iA 
^ 4^ Bfi, the towers, nthe increments of length of the a\i%peiidwE, ^\i^\» \vt\^^ ol \Am- 
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peratare, be plotted downward from line a b, they will ^ive the parabolic arc Oj oi ; 
supposing that the towers expand in the same proportion as the snspenders, the 
curve Qi Oi becomes a aj and represents, in position, the defleoted line of the girder, 
this line is similar to the curve of deflection due to a uniform rate of loadin^^, ana 
has a slight convexity upward, showing that no disturbance has taken place m the 
distributive action of the girder, except a slieht relief of duty for the loaded part, 
and a slight increase of duty for the unloaded part, of the girder. Owiuff, however, 
to the greater bulk of material in the tower, its temperature and rate of expansion 
will be less than for the suspenders; if a a represents the difference due to this 
cause, then the curve, a d drops to the position s Os, and a S 03 becomes the line of 
deflection of the girder, showing that in the immediate vicinity of the towers the 
suspenders are partly relieved of their duty, and that a part of the load is carried 
directly to the^tower by the girder. 

A similar construction for a fall of temperature, to the risht of the figure, shows 
the effect on the girder to be eliffht deflection downward with the convexity of the 
curve downward, indicating a slisht increase of duty for the loaded part of the 
girder and a slight decrease for the unloaded part, owin^ to the difference of con- 
traction h toi the tower, the deflected line of the i^irder will be 6 T ».ii showing that 
the duty of the suspenders in the immediate vicinity of the tower has been increased. 

The effect of the elastic elongation of the suspenders due to the live load is exactly 
the same as it is for a rise of temperature, except that owing to the fact that the 
tower contracts instead of expanding, the disturbing effects in the vicinity of the 
tower is increased in warm weather and decreased in cold weather. 

The ill effects on the girders and suspenders arising from these disturbances are 
avoided by omitting the suspenders for a short distance next to the towers. 
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Office of the Chief of Engineers, 

United States Army, 
Washington, D. 0., October 25, 1894. 

Sm : I have the honor to sabmit herewith a printed copy of the 
report of the Board of Engineer Officers convened in accordance with 
your order, dated January 27, 1894, to investigate and report their con- 
clusions as to the maximum length of span practicable for suspension 
bridges. The report is a very valuable one, shows careful research, 
and I approve and concur in its conclusions. 

Very respectfully, your obedient servant, . 

Thos. jLinooln Casey, 
Brig. Oen., Chief of Engineers. 
Hon. Daniel S. Lamont, 

Secretary of War. 
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REPORT. 



United States Engineer Office, 
PhUad^lphia, Fa.^ September 29^ 1894. 

General : The Board of Officers of the Corps of Engineers appointed 
by Special Orders, No. 5, current series, Headciuarters Corps of Engi- 
neers, r. S. Army, January 1^9, 1894, to make investigations as to cer- 
tain bridges, in accordance with instructions of the Secretary of War^ 
have the honor to submit the following report: 

The instructions of the Board are contained in a letter from the Sec- 
retary of War to the Chief of Engineers, dated January 27, 1894, and 
in the indorsement of the Chief of Engineers thereon, dated January 
30, 1894. Copies of this letter and the orders convening the Board are 
appended hereto. 

The Secretaiy of War, in his letter of January 27, 1894, remarks that, 
"in view of the importance of questions arising in this Department iu 
connection with the building of bridges over navigable streams, it i& 
essential that it should be possessed of accurate and full information 
necessary to their intelligent and proper determination ;" and directs 
the formation of '' a Board of Officers of the Engineer Corps, who shall 
investigate and report their conclusions as to the maximum length of 
span pra<;ticable for suspension bridges and consistent with an amount 
of traffic probably sufficient to warrant the expense of construction.'^ 

The indorsement of the Chief of Engineers of January 30, 1894, directs 
the Board to include in its investigations "strength of materials, loads,, 
foundations, wind i>ressure, oscillations and bracing." 

The lioiird convened at New York City on Eebrujiry 13, 1894, and 
remained in session until February 15, 1894, when it adjourned to . 
collect information. The Board held a session at Philadeli)hia, Pa., 
from Marcli G to 10, 1894. An extended preliminary investigation of 
the subject under consideration had already been made when a Board 
of expert bridge engineers was appointed by the President, on June 
15, 1894, under the provisions of the act approved June 7, 1894, to 
recommend what length of span, not less than 2,000 feet, would be 
safe and practicable for a railroad bridge to be constructed across 
the Hudson Eiver between New York City and the State of New- 
Jersey. The New York Board was composed of five engineers, four 
of whom were civil engineers of long and varied experience in the 
designing and construction of bridges and of the highest profes- 
sional standing. It was therefore considered desirable to delay the 
completion of this report until the determinations of the New York 
Board could be ascertained and studied. The present Board has 
derived much assistance from the published report of the New York 
Board, as will be indicated below. At the last session, which was 
• held at Philadelphia from September 20 to September ^Q^V^^i^^^.'C^Na. 
report was unanimously adopted. 



The question of the maximain practicable span may be investigated 
as a purely engineering problem, when certain preliminary conditions 
are established. The bridge will doubtless be a railroad bridge, since 
with the largest span the traffic capacity would not otherwise justify 
the cost. This assumed, the width must be at least sufficient to accom- 
modate a double track. The number of double tracks required must 
be established so as to give a tiaffic capa<5ity ''probably sufficient to 
warrant the expense of construction." • 

The New York and Brooklyn bridge, the longest suspension bridge 
yet constructed, consists in reality of two similar bridges suspended 
side by side and braced together, the promenade being supported 
between the bridges as an extra weight on the interior cables. Follow- 
ing this idea, the Board in its preliminary investigation assumed a 
double-track railroad bridge as the unit bridge, bracing together side 
by side as many such bridges as were considered necessary to accom- 
modate the traffic contemplated. The engineering problem was thus 
limited to the question of determining the maximum span for a double- 
track railroad bridge. It was found, however, that there are many 
serious practical objections to such an arrangement in a long-spau 
bridge carrying very heavy loads. In this investigation, therefore, the 
loads will be assumed t4) be supported by only two set« of cables, one 
on each side of the bridge; an arrangement which was adopted as a 
basis of estimate by the New York Board. 

In the various projects for long-span bridges across the Hudson Kiver 
at New York the least traffic-capacity assumed was six tracks, and the 
New York Board adopted this number of tracks in its investigations. 
In this report, therefore, it is proposed to first consider the question of 
the maximum span for a six-track railway bridge as an engineering 
problem, after which the relations between span, traffic and cost of 
construction will receive such investigation as the nature of the sub- 
ject will permit. 

Since much of the information with reference to strength of materials, 
loads, etc., collected by the Board as directed by the Chief of Engi- 
neers, is necessary for the proper investigation of the question of the 
practical maximum span, this part of the subject will first receive 
attention. 

STRENGTH OF MATERIALS. 

The supporting cables of a suspension bridge of long span are made 
of steel. They are either chains composed of connected links or cables 
formed of parallel wires or twisted wire ropes. To obtain the longest 
span possible the weight of the cable must be a minimum as compared 
with its carrying cai>acity. The connections of a series of links add 
from 20 to 25 per cent to the dead weight of the chain, while in the 
wire cable the connections add, at most, only 2 or 3 per cent. More- 
over steel in the form of wire has a minimum sti*ength more than double 
its maximum strength in the form of bars suitable for the construction 
of a suspension chain. A link chain, therefore, will weigh about two 
and one-half times as much as a wire cable of equal carrying capacity; 
or in other words, a wire cable can be stretched about two and one-half 
times as far as a steel chain before being broken, other conditions 
being the same in both cases. Moreover, it is stated by Melan* that 

*IIandbnch der lugeuieuTwiBstnQchaitQB. Band ii. Der Briickenbau— J. Melan 
Leipzig, 188S. ' ' 



considerable bending moments are sometimes jiroduced by the friction 
between the links of chains, bnt the effects due to the stiffness of cables 
are so small that they may be neglected. It is therefore assumed that 
the cables are made of steel wires laid parallel to each other. 

The strength of the suspension cable will depend upon the tensile 
strength of the steel employed in its construction and upon the num- 
ber of wires it contains. The wire employed in the cables of the New 
York and Brooklyn bridge had a tensile strength of 170,000 pounds 
per square inch, and the cables were originally designed to contain 
each 6,188 wires of No. 7, B. W. G., but as some heavier wires were 
introduced during construction, the actual number of wires was only 
5,400. These are the largest cables made up to the present time, hav- 
ing a diameter of 15| inches. The cables of the Cincinnati suspen- 
sion bridge have a diameter of 12 inches and each contains 5,200 No. 
9 wires. 

There is a practical limit to the number of wires which can be 
united in a cable, since as the number increases it becomes more and 
more difficult to adjust the wires so that each will bear its due propor- 
tion of stress under the varying conditions of temperature and load- 
ing. No unusual difficulties, however, were encountered in the manu- 
facture of the cables above referred to, but it is believed that with the 
method employed for making the cables of the East River bridge the 
practical liuiit of the number of wires was very nearly, if not quite, 
attained. With improved methods the construction of much larger 
cables might be found practicable. An increase in the size of the 
wire does not materially increase the difficulty of construction. No. 3 
wire having a tensile strength of 180,000 pounds per square inch, can 
now be readily obtained at a reasonable price. Indeed steel wire much 
stronger than this can be obtained (up to more than 300,000 pounds 
per square inch) but its present cost would prohibit its employment. 

The Board therefore assume for the purposes of this investigation 
. a suspension cable formed of 0,000 parallel steel wires. No. 3, B. W. 
G. The area of its cross-section will be 316 square inches without 
wrapping, and its breaking t^ensile strength will be 56,880,000 pounds, 
or 28,440 tons. With a safety factor of 3, which was adopted by the 
New York Board, and will be adopted in this investigation for reasons 
to be given hereafter, the working strength of this cable will be 
18,960,^0 pounds or 9,480 tons. Its diameter with wrapping will be 
21J inches. The New York Board have adopted a cable of about this 
size and strength in their estimates. 

The total cable strength available for the support of the bridge 
depends upon the number of cables which can be practically combined 
as a single cable system on one side of the bridge. If many cables are 
employed it becomes difficult to distribute the strains among them so 
that each shall carry its proportionate load under the varying condi- 
tions of temperature and traffic. It is not easy to decide what is the 
practical limit of the number of cables to be assembled together. 
Where parallel wire cables are used they must be sufficiently separated 
horizontally and vertically to give room for the operation of the wire- 
wrapping machine and this requires intervals of at least 3 feet daring 
construction. 

The cables may cross the saddles on top of the towers side by side or 
they may be arranged in one or more vertical or nearly vertical planes. 
In the first case the cradling of the cables in converging planes, (which 
is desirable for lateral stability) requires consideraXiVis x^ssc^*^^ 
between the saddles. In the inyeatvgaUou^ oi^iX>L^"§.^'ssX<5^c^«.^^'a2t^'»2cs. 
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interval of 20 feet was found to be necessary for such an arrangement* 
But the cables on one side of the bridge may also be arranged side by 
side in parallel inclined planes and held the same distance apart 
throughout their length by iron separators between the susi)ender 
clamps, in which case the saddles on the towers would be closer together. 
Still the number of cables suspended on each side cannot be made very 
large without increasing the dimensions of the towers and the piers 
supporting them far beyond the requirments of the roadway and sus- 
pended loads. 

The vertical arrangement of the cables (or a combination of vertical 
and horizontal arrangements) certainly presents some very decided 
advantages. It requires less width at the top of the towers, and a large 
part of tlie stiffening of the bridge may be obtained by trussing the 
cables in a manner whicli will be again referred to. Moreover, with 
this arrangement the towers can be so constructed that new cables can 
be readily added to meet future demands for increased traffic capacity. 
This method, however, is not so simple as the other and with large 
loads and cables involves mechanical difficulties which can be properly 
dealt with only after an extended investigation of the problem as a 
special case. In this general investigation the Board consider it best 
to adopt the simpler arrangement, as has been done by the New York 
Board. Whatever arrangement is adopted, the Board are of the opinion 
that it would not be found convenient to work more than eight cables 
together as one cable system. For tlie purposes of this investigation, it 
is therefore assumed that the suspension bridge of maximum span is 
supported by sixteen 21J-inch cables. The following list giving the 
arrangements employed in a number of important bridges, may be of 
interest in this connection. 

New York and Brooklyn Bridge, 1,595.5 feet span, has one 15§-inch 
cable on each side. 

Niagara Bridge, 821.3 feet span, two 10-inch cables, one vertically 
over the other. 

Wheeling Bridge, 1,010 feet span, two 8-inch cables, side by side. 

iFairmount Bridge, 550 feet span, seven cables, side by side and 1 
above. 

Freiberg Bridge, Switzerland, 870 feet span, three cables, 2 side by 
side and 1 above. 

Dordogne Bridge, France, 350 feet span, three cables, side by side. 

Niagara Bridge, at Lewistown, 1,400 feet span, had four cables side 
by side. 

Menai Bridge, 600 feet span,/bwr chains in the same vertical plane. 

Tweed Bridge, Berwick, 450 feet span, three chains in the same ver- 
tical plane. 

Tersing Bridge, over the Maas, two chains, one over the other. 

Bridge Vocontians, St. Honorine, two chains, one over the other. 

La l^che Bernard Bridge, over the Vilaine, 050 feet span, two cables, 
side by side. 

Lambeth Bridge, England, two cables, side by side. 

Donau Bridge, Pesth, 600 feet span, two chains, one over the other. 

Moldau Bridge, Prague, four chains in pairs, over each other. 

LOADS. 

The total load supported by the bridge will consist of two parts, viz, 
the )ive load or weight of the passing traffic and the dead load or 
weii^ht of the stmctxive. It will be conveiueut to consider the load 
under these two heads. 



1. Lire load. — In another part of this report the dift'erence in the 
character of the action of the live hmd upon a structure in stable 
equilibrium havin^: a certain degree of tiexibility from that of its action 
upon a more rigid structure in unstable equilibrium will receive due 
consideration. For the present we will only determine the magnitude 
of the live load. The live load per linear foot of span will be repre- 
sented by q. 

The greatest static effect ui)on the cable will be produced by the 
maximum load; that is, when the whole platform from tower to tower 
is, covered with the heaviest possible railroad trains. 

A suspension railroiwl bridge of very hmg span will as a rule be 
built only over a wide river or estuary navigable by ocean craft and 
therefore re<iuiring a great height of the bridge above the water. To 
limit the expense of the shore extensions tlie ai)proa(*hes must be 
given as steep a grade as is admissible for a railroad bridge. It is, 
therefore assumed that the approaches will have a grade of 1 per cent. 

The weight of a railroad train passing over the bridge need not be 
considered as any greater than that which the heaviest freight loco- 
motive is capal)le of hauling up a 1 i)er cent grade. From a list pub- 
lished by the Baldwin Loccmiotive Works it appears that exceptionally 
heavy locomotives are built with 170,000 pounds on the drivers and a 
total weight of 102,500 p<mnds. The Baldwin Works allow 9 tons for 
each 1,000 pounds on the drivers as the maximum efficiency on a grade of 
1 per cent. This (^xtra heavy locomotive can therefore pull up on the 
bridge 1,530 tons including its own weight. Subtra<^ting 90 tons for 
the weight of the h)comotive, we have for the weight of the train, 1,434 
tons. This is e(|ual to 41 hopper-bottom gon(h)la cars each 27 feet 2 
inches long and weighing 35 tons. The length of the engine and ten- 
der being 54 feet, the total length of the train will be 1,108 feet, and 
the weight per linear foot of track will be 2,020 pounds, e(|ual to 1.31 
tons. If we sui)pose all tracks to be loaded from end to end with such 
trains, the live h)ad per linear foot will be 15,720 pounds, equal to 7.80 
tons. 

Any such loading as this, however, is so extremely improbable as to 
be a pra^'tical impossibility; in<leed, at the height above water level at 
which such abridge must be carried, the transportation of passengers, 
and not of freight, nuist be the main consideration. A purely freight 
traffic would in no conceivable location require six tracks over a bridge 
of very long span. Such a number of tracks would only be justified by 
the location of the bridge near a very large city and by a large pas- 
senger tratlic. The trains ])assing over such a bridge would undoubt- 
edly be controlled on the block system and not more than one train 
on each track wouhl be allowe<l upon the bridge at the same time. If 
the stiffening girders could do their full duty the weights u])on the 
bridge would be uniforndy distributed and the live load per linear foot 

,,, 3,000,000 ^. 18,300,000 , ,„, ,. ., . 

would be J X 6 = t pounds. The distribution, how- 

ever, is not perfectly uniform, and there are occasionally other causes 
which produce an increase in local stresses. The Board consider it best 
to add 50 per cent to this estimate to cover these uncertainties. In 
computing the cable strength, therefore, the adopted value of the live 
load will be — 

27,540,000 
q = ~^ 

The live lotul assumed for the '^\ag;aTa ^u^\>^\\'^\<^\\^^^^^^^^^^^^>^^*^ 
B span of 800 feet, is 350 tons in a \^\\^\Xi c^l \^^ ^^^^^ ^^ "^xx^sg^^ \.^'is»i>«^^ 
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which is equivalent to 1,600 pouuds per linear foot of train, or less 
than i,000 pounds per linear foot of the entire span, with a factor of 
safety of 4.41 in the cables and 4.0 in the stiffening girders.* The 
bridge, however, safely carries heavier trains in daily operation. 

The largest existing railroad bridge is the Forth bridge, in Scotland. 
It has 2 tracks and 2 spans of 1,700 feet each. It was tested with 2 
heavy trains side by side, each 1,000 feet long and weighing 900 tons. 
Each train was drawn by 2 locomotives each weighing 72 tons. This 
load was equivalent to 1,800 pounds per linear foot of track or 3,(>00 
pounds per linear foot of span. These were considered extra heavy 
train loads very seldom occurring in actual operation on English roada.t 

Making allowance for the heavier train loads of American railroads, 
it will be seen that »3,000 pounds per linear foot of track for a length of 
1,500 feet, considered as distributed over the bridge from tower to 
tower (which is the value given by our formula), is an exceedingly safe 
assum])tion of the live load for a very long bridge in which the span 
exceeds the length of the maximum train. This value agrees very 
nearly with that assumed by the ]^ew York Board in its estimate for a 
*' lighter structure.^' 

It is very evident that the assumed live load per unit of track ought 
to diminish with the number of tracks and with the length of span. A 
single track bridge of short si^au is strained nearly to its maximum 
•every time a train goes over it. A 6- track bridge is strained to its 
maximum only when G maximum trains are abreast of each other; and 
when- the span exceeds the maximjam train length the maximum stress 
ought never to occur. 

2. Dead had. — This x>roduces at all times constant strains in the 
members of the bridge. It is composed of the weights of the following 
parts: The suspension cables with their wrapping, the platform, the 
stitt'eniug girders, the wind and sway bracing, and the suspenders. 
The weights of these parts per linear foot of span will be represented 
as follows : Cables = w ; cable wrapping = Wo ; platform ^pi ; girders = 
Pz'j bracing =1?:); suspenders =|>4. 

(1) Weiffht of the suapension cables. — The weight of a cable formed of 
6,000 i)arallel steel wires, No. 3, B. W. G., having a diameter of 21^ 
inches, without wrapping, will be 1,075 pouuds. or 0.538 tons per run- 
ning foot. If we assume 10 cables for the support of the entire bridge, 
the total cable weight per linear foot will be ir'= 17,200 pounds = 
8.6 tons; and w = 17,917 = 8.959 tons. 

(2) Cable wrapping. — The cable will be wrapped with iron wire of 
No. 9, B. W. G. The weight of this wrapping will be 26 pounds per 
linear foot, and for 16 cables, 416 pounds. The weight of wrapping per 
linear foot of span will therefore be Wq = 433 pouuds. 

It will be found convenient for the purposes of this investigation to 
know the relation between the weight of the cable per linear foot of 
horizontal span (w) and its weight per foot measured in the direction 
of its axis [w'). The cable curve will be approximately a parabola, 

r 2.67 ^ 
and its approximate length will be 1 + ^^2 I'lin which L is the hori- 
zontal span in feet and R is the ratio of the versiue of the cable to the 

r "^ 67 ^ 

span. Ileuce ?r = 1 + "'^^- w'. For reasons which will be given 

in tlie sequel the value of B will be assumed as 8 in this investi- 
gation. For this value we have w = 1.0417 ic' and to' = 0.960 w. 



* Proceedings Am. Soc. C. E,, Vol. x, p. 195. 
f Kecord of the Forth Bridge, p. ^. 
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(3) Weight of the platform. — In the arrangement adopted in this 
investigation for the purposes of estimate the cross-girders sustain the 
weight not only of the live load but also of the stiflening girders and 
lateral bracing. The distance between the cross-girders is 30 feet. 

The platform further consists of longitudinal girders (stringers), the 
permanent way consisting of ties and rails and the covering. Its con- 
struction is the same as in any other railroad bridge. 

The weights of the stiflening girders and lateral bracing, (which 
increase with the span), are imposed upon the cross-girders so very 
near the points of suspension that the weight of the platform may be 
considered practically independent of the span. The weight jwr linear 
foot of si)an for a G-track platform, carrying stiflening girders and brac- 
ing, for a span of 3,200 feet, was determintd by the New York Board 
to be 7,200 pounds. We may thereioie adopt in this investigation the 
constant value jf>i=: 7,200 pounds=3.0 t(m8. 

(4) Weiijhi of the Htiffenhig girfhrif, — It will be shown under the head 
of Vertical Bracing that the weight of the two stiflening girders per 
linear foot of (Mrack bridge mav be foui:d in pounds from the for- 
mula ]h= 3,281+ 2.754 L + 0.0005312 L^. This includes an allowance of 
material in the lower chords to provide for the stresses due to wind. 

(:j) Weight of the lateral bracing, — As will be shown under the head 
of Lateral Bracing, the weight of the wind and sway bracing jier 
linear foot of (J track bridge (so far as not provided for in the i)receding 
paragraph) will be given in pounds by the formula ^3=2,420 + 
0.388J) L. 

(6) Weight of the suapemlerH, — The suspended load is connected with 
the cables by 8 wire suspenders on each si<le of the bridge at each 
cross-girder. The suspenders at each girder are ecpial in length and 
are sui)posed to be adjusted so as to carry practically equal portions of 
the load. At the middle of the span the cables are 00 feet above the 

level of the suspension pins. The versine of the cable being -g the 

average length of a susj)ender is 24 + ^' Asssuming a unit working 

stress of 30,000 pounds and adding 20 per cent for constructive details, 
the weight of the susi)enders per linear foot of span will be 

3.4 X 1.2 /L 
Pa — 



30,000 



(,>4 + «^) (P' - '^o) 



in which // = q + p\ + Pi + i>3 4- i>4 + ^^^o. 

For the purposes of this computation we may assume jp4 = 1,300 in 
the value of p' — ir,,. 

From values previously given we find ]:>'— tro=14200-(-27540000 L ^ 
-f 3.1429 L+0.0005n2 L^; and 2>4= 272 +224720 L ^ +0.10016 L + 
0.00002 Jl 5 L2+0.000000003 L^ 

(7) Total Huspended weight. — The total suspende<l weight per linear 
foot of span exclusive of the cables will be p' =q+P\'\-pi+p^+PA+'^ef,=^ 
13005 + 27704720 L ^ +3.24900 L + 0.00055335 L«+ 0.000000003 L^. 

WIND PRESSURES. 

The wind pressure upon a large bridge is of such magnitude as to 
require especial consideration. In the principal members of the Forth 
bridge (a cantilever construction), the maximum stresses dua t.Q» -^vx^ 
have been stated by its engineer to \>fe tslot^ Wi^t^. ovk^-^^^^a^sx^et ^^^^s^jet 
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than those due to tbe deatl weight of the bridge and nearly three 
times as great as those due to the live load of passing trains. In sus- 
pension bridges these wind stresses, though they may be less than in 
other bridges, are still of very great importance, and must be carefully 
provided against by the introduction of metal which, while adding 
nothing to the carrying capacity of the bridge, does add considerably 
to its dead load, and therefore necessitates an increase in the strength 
of suspenders, main cables, t<iwers, anchorages aiul foundations, and 
thus may add enormously to the total cost of the bridge. Under such 
circumstances, while it is, on the one hand, im])ortant to secure a suffi- 
ciency of wind bracing, it is, on the other hand, equally important not 
,to use any more than is actuall}^ necessary. 

Since the existing fund of information as to wind i)ressures, as to 
their cifect on bridges, and as t-o the present most used methods of 
dimensioning wind bracing, is either quite limited or else is not easily 
accessible, it has been thought well to attach hereto a full history of 
past work in this direction with suggestions of rules for use in the 
dimensioning of large structures in places exposed to heavy winds. 
(aSV Appendix (I) 

Past history shows the possibility, at almost any place, of an occa- 
sional tornadoof power sulllcient to destroy almost any existingengineer- 
ing structure. Such torniuloes like violent earthquakes, are sorarethat 
no large constructions of to-day are made thoroughly proof against them. 
In sucth a tornado, however, a suspension bridge would fare much bet- 
ter than any other form of bridge as it offers the least surface to the 
wind, as its overturning is almost a physical impossibility, and espe- 
cially as the loss of large parts of its roadway and stiffening trusses 
would not necessarily destroy its main cables and towers (these being 
its essential and costly features). The Board have therefore, (for rea- 
sons stated in the Api)endix) considered a maximum steady wind 
pressure of 30 pounds per square foot over the entire structure and 
over a continuous train, reaching entirely across the bridge, and also a 
similar 30-pound pressure over the unloaded bridge, accompanied by 
an added pressure of 20 pounds ])er square foot (making 50 pounds in 
all) over 1,000 feet of the unloaded bridge; this latter allowance being 
made to provide for occasional severe gusts. 

The exposed surface of the bridge and load per running foot (by the 
method of calculation given in full in the Apx)endix) is taken at 30 
square feet for the cables and suspenders, 40 s<iuare feet for the stiffen- 
ing girder (including the upper <*hord, lower chord, web members, 
horizontal diagonals, and sway bracing), 18 square feet for the plat- 
form (including track, guard rails, ties, cross girders, and stringers), 
and 8 square feet for the train (excluding the portion sheltered by the 
high bottom chords and other adjacent parts of the stiffening girders). 
In view of the heavy weights and conseipient great inertia of the cables 
and stiffening girders, the resulting wind pressure is treated as uni- 
formly distributed over the entire bridge from end to end; chough a 
more careful distribution, perhaps saving (considerable metal, would be 
adopted in actual i>ractice. 

The cradling of the main cables and suspenders is considered suffi- 
cient to amply resist the 1,050 pounds per S(|uare foot of wind pressui'e 
due to the 30 s(|uare feet per linear foot of their own surfaces. 

The win<l bracing of the stiff'ening truss will then have to resist only 
the wind pressure on the stiffening truss, platform, and train; which 
aDJOunts to 2,:}^rj ))ounds per linear foot for the unloaded bridge, and 
^,^oO pounds per foot for the loaded bridge. 
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As the stiftening truss is binned at its middle, the wind bracing (at 
least near the ends of the half trusses) must be arranged to carry all 
the wind stresses to the bottom chord; so that this bracing is taken as 
composed of a very light uj)per liorizontal truss (not theoretically 
necessary), of a strong vertical sway bracing, and of a heavier lower 
liorizontal truss. Since the wind trussing may be combined with the 
adjacent parts of the stiffening girder and platform, this lower wind 
truss will be built up by increasing, where necessary, the dimensions 
of the cross girders of the platform, and the lower chords of the stiffen- 
ing truss, and by inserting cross diagonals between them. 

Because of the great size of these cross girders and lower chords, 
and therefore the great excess of strength in this lower truss when the • 
bridge is unloaded, the Board regard the 1^,250 pounds per linear foot 
of wind pressure on the lojwled bridge as the one which throws the 
greatest strain upon its members, and therefore take this value as the 
one to be used in combination with the other loads upon a bridge of 
maximum length. 

In case further lateral stillness against wind should, at any time, be 
thought desirable, it may be obtained by the use of horizontal wind 
cables under the platform; and small main cables may at any time be 
added, if found necessary, to support the added weight of such wind 
cables ; but the Board consider the use of such wind cables unnec- 
essary. 

OSCILLATIONS. 

In considering tlie character and importance of small motions in 
bridges it is necessary to distinguish carefully between stability and 
rigidity. A su8j)ension bridge is the most stable of all bridge struct- 
ures. Tlie locus of the centers of gravity of its vertical cross-sections 
lies far below the points of support. The live load, which is the main 
cause of its vertical oscillations, always moves below the gravity-line, 
thereby increasing the lateral stability of the structure. As the span 
is increased the gravity-line rises, but the resulting slight decrease in 
stability is more than compensated for by the diminution in the ratio of 
the live to the permanent load. The small motions of erect arch and 
deck bridges must be carefully confined within small limits to insure the 
safety of the structures, but there is no such necessity in the case of 
suspension bridges, where the system is in stable equilibrium and sure 
to return to its j)osition of rest whatever may be the magnitude of the 
disi)lacement. 

The lateral oscillations are due nminly to the action of the wind. 
These are met not only by the great weight of the structure, but also 
by the cradling of the cables, which much increases the lateral sta- 
bility. 

It is possible to construct a suspension bridge so that it will have 
any degree of rigidity desired, but it will appear from the above that 
rigidity is in this case of much less importance than it is in most other 
kinds of bridges; indeed, it may be shown that a certain small flexi- 
bility is a positive advantage in suspension bridges. 

The Board do not consider it necessary to give in this report an 
elaborate development of the theory of bridge oscillations, because it 
is perfectly easy to stiffen a suspension bridge so as to reduce both its 
vertical and lateral deflections, and consequently the duration of its 
oscillations, within any desired limits; and in bridges of very long 
span, where the ratio of live to dead load is coii\\\ia.\:vv.t\N^^ sk«nss^^>^^ 
diflftculty from this cause need bvi a\\t\e\v^t<iCi.. '^V^ \0\vi^vevN*,^'^v^^ 



14 

remarks on this sabject relate to sasx)en8ion bridges of comparatively 
small weight and span. 

As before remarked, oscillations in suspension bridges are mainly 
produced by the impulses of the moving load and by the pressure of 
the wind. The magnitude of the oscillations is sometimes increased by 
the lengthening of the central part of the cable, due to the straighten- 
ing of the chains of the side span under the action of a load on the cen- 
tral span. Theoretically an infinitely small impulsive ibrce may produce 
an infinitely small amplitude of oscillation of finite duration. If such 
impulses are repeated a summation of their effects may result. This 
will occur when the interval between two impulses is equal to the time 
of oscillation, and may occur when it is greater. Under these circum- 
stances small impulsive forces, by many repetitions, may produce a 
great oscillation in an elastic or suspended body. In this way the wind 
has been known to raise waves in the platform of a light suspension 
bridge. 

In the case of a bridge truss it is important that the time of oscilla- 
tion produced by a load acting impulsively should not exceed a certain 
amount, in order that the oscillations may not be cumulative. 

In highway bridges it is especially the measured step of pedestrians 
which gradually augments the amplitude of the oscillation when the time 
of oscillation is equal to or greater than the time of a step, which may 
be assumed as from 0.6 to 0.7 second. If the time of oscillation of the 
structure is greater, it can adjust itself to the time of a step by the for- 
mation of centeis of oscillation. The result is that by the gradual 
accumulation of energy changes of form are produced which are con- 
siderably greater than those produced by an equivalent static load. 

These oscillations occur not only in elastic or stift'ened systems, but 
also in slack systems. A freely suspended heavy chain moved from 
the position of equilibrium in its vertical plane will assume oscillating 
motions which will gradually increase if new impulses occur in the 
time intervals corresponding to the time of oscillation or a fraction 
thereof. It is shown by Melan that tiie time of oscillation of a slack 
chain is materially greater than that of even a very elastic constnic- 
tion, which explains the well-known fact that unstiffened suspension 
bridges can very ensilj be brought into great oscillations by a few 
pedestrians. 

Prof. Melan in his treatise on Bridge Construction deduces the equa- 
tions t = 1.806\//and <= 2.006.3 \/ u + 0.8 ^^^, for the times of oscilla- 
tion in a slack and a stifl'ened system, respectively; in which t is the 
time of oscillation in seconds, / is the versine of the cable in meters, 
Uo is the deflection in the middle due to the uniformly distributed dead 
load, and u is the increase of deflection due to a concentrated load in 
the position of rest in meters. 

From these formulas it follows that the time of oscillation of a bridge 
structure depends only upon the magnitude of its deflection in the 
I)Ositiou of rest, no matter what may be the character or size of the 
structure. Hence the deflection must be kept within certain limits, in 
order that the bridge may not be set in vibration by the steps of 
pedestrians or other regularly repeated impulses. 

The time of oscillation and consequently the deflection must be the 
smaller the more rapidly the repetition of impulses occurs. Hence 
greater stiff'ness is required in a railroad suspension bridge than in a 
similar highway bridge. 

As the deBection i/„ due to the uniformly distributed load is in general 
proportional to the fourth power of the SY>au, it loWo^^ Wi«k.t t\!kft time 
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of oscillation varies approximately as the sqaare of the span. There- 
fore, this time may be diminished by fastening the stmctnre at interme- 
diate points to the shore or ground so as to form a number of centers 
of oscillation. 

The occurrence of cumulative oscillations may also be prevented by 
employing together several systems for stiffening the cables, these sys- 
tems having different periods of oscillation; and where a number of 
cables are assembled on each side of the bridge, the same result may 
be accomplished by employing different versines for the cable curves.. 
Thus, in the bridge designed by Mr. Gustav Lindenthal for the North 
River Bridge Company, the stiffening is obtained by trussing between 
the cables and by continuous longitudinal platform girders. As these 
two systems have different periods the chance of cumulative oscilla- 
tions is greatly reduced. In the Niagara Suspension Bridge the two 
systems of cables have versines of 54 and 64 feet, respectively, and 
consequently different periods of oscillation. 

The arrangements to prevent deflections due to the moving load 
and the wind will receive consideration in other parts of this report. 

BRACING. 

The bracing required to stiffen the bridge may be conveniently con- 
sidered under two heads, vertical bracing and lateral bracing. 

1. Vertical bracing, — It is the object of this bracing to confine within 
definite and small limits the oscillations and deflections caused mainly 
by the rolling load. Various methods have been employed for this 
purpose, the principal of which are as follows : 

(1) Stays extending from the tops of the towers to the platform. 

(2) Stays extending from the bottoms of the towers to the cables. 

(3) Longitudinal stiffening girders connected with the platform and 
extending over the whole length of the bridge. 

(4) Bracing between two cables hanging in the same vertical plane. 

(5) Trussing the cable on its concave side. 

(6) Trussing between the cable and the platform. 

Two or more of these methods of stiffening are 'frequently employed 
together in the same bridge. For example: Methods (Ij and (3) are 
employed at the East River Bridge; method (3) at the Niagara Bridge; 
method (4) at the Allegheny Kiver Bridge at Seventh street, Pitts- 
burg; method (5) at the Point Bridge over the Monongahela at 
Pittsburg; method (6) at the Lambeth Bridge, England. Experience 
has proved all these methods to be effective, and for some of them 
special advantages of economy are claimed. Thus the over-floor stays 
of method (1) not only prevent the development of large vertical 
oscillations in the platform, but also relieve the suspension cables of a 
considerable part of the load. In method (2) the stays add to the 
weight on the cables instead of relieving them, and in this respect it is 
not as good as method (1). It has been objected, however, to the use 
of stays in bridges of large span that they complicate the conditions 
of equilibrium, as it is difficult to adjust them so as to bear a definite 
portion of the stresses under the varying conditions of lorul and 
temperature. By bracing two cables — method (4) — we utilize the cables 
as the cliords of the stiftening girder and save the material otherwise 
required for the chords. Still greater economy is claimed for combina- 
tions of the stiffening systems. 

The simplest and most employed stiftening system la tk^ Xavw^^xsAx- 
nal stiffening girder. Such girders ^xte eo\iN^\vvfc\\'<»^Q>'t '^xy\i^<^'^v^\!^'<^^'^ 
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lateral bracing and for side guards, and at none of tlie existing bridges 
where other methods were employed was the girder entirely dispensed 
with as a part of the stilfening system. Tlie girder rests upon the 
floor beams and is thus suspencled from the cable. It does not support 
any load, but merely distributes it, hence it is absolutely a dead weight, 
adding nothing to the strength of the bridge. 

The Board consider it very probable that for a given special case a 
lighter and better stiffening system than that supplied by the simple 
longitudinal platform girder could be worked out by combining the 
trussed cables and longitudinal girder systems, as has been done by 
Mr. Gustav Lindenthal in his elegant design for the North River 
Bridge. In applying this method, however, to wire cables ca,rrying 
very heavy weights over a very long span some new questions of con- 
structive detail will require solution, and for the purposes of a general 
investigation it seems best to follow the usual method of stiffening. It 
will, therefore, be assumed that vertical stiffness is obtained entirely 
by longitudinal platform girders with parallel chords. 

These girders are usually of the open frame or lattice type. While 
their rigidity does not affect the actual safety of the cables which 
carry the entire dead and live load, it does determine the suitability of 
the bridge for railroad purposes. There is no doubt that a suspension 
bridge can be made as rigid for railroad trains as a bridge of any other 
system. 

If a flexible cable be loaded ununiformly it will be depresse<l on the 
side of the heaviest load and will rise on the opposite side. It is the 
object of the stittening girder to reduce the distortion of the cable to a 
practical minimum. There are two practical ways in which the girder 
may be constructed : 

(1) As a continuous girder, loosely supported at the ends with reac- 
tions in both vertical directions, but permitting horizontal motion. 

(li) As a girder loosely supported at the ends, as in the flrst case, 
and hinged in the middle. 

For the first case the problem of equilibrium is statically inde- 
terminate; that is, the conditions of etiuilibrium can not be formulated 
without including the elastic forces deveh)ped in the girder. In the 
second case we have only to deal with static forces, and the stresses in 
the girder can be calculated with a close degree of approximation by 
the simple law of the lever. 

In the designing of stittening girders the formulas given by Prof. 
Bankine have generally been employed. The formulas for the continu- 
ous girder are deduced in his Applied Mechanics (p. 370). The 
formulas for the hinged girder are given, but not deduced, in his Oivil 
Engineering (p. 579). Bankine's methods, which are approximate iu 
character, have been extendetl to a high degree of accuracy by subse- 
quent investigators. Probably the most complete investigation of the 
straight stittening girder is that of Prof. J. ^lelan, of the Technical 
High School at Briinn. 

Bankine's values of the maximum bending moments for the hinged 
and continuous girders are as follows: Hinged girder, M= 0.0 15G^L*j 
continuous girder, M=0.017807li^; while Melan, by more accurate 
methods, obtains for the hinged girder ]M=0.01883//L-, and for the 
continuous girder M=0.01()52</IA It will be noticed that with Bau- 
kine's values the maximum bending moment is smaller for the hinged 
girder than for the continucms girder, while with Melan's values the 
reverse 28 the case. 
Although fiie hinged girder presents very d^cvvV^Wi^ot^Ucal advau- 
tii^^es, esi>eciiiUy in the determinatiou of t\\e ^tT^^^^^/\X\i^iS»w«ii^^\%- 
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advaDtages which have prevented its employmeut in any important 
practical case. The introduction of the middle joint has for its princi- 
pal object the attainment of a static determination, but, as Melan has 
pointed out, the theoretical conditions can not be fully satisfied unless 
the girder and cable have a common joint at the middle. If the girder 
alone is jointed, increased bending strains must be produced in the cable 
directly over the joint. The arrangement of the wind-bracing becomes 
more troublesome, for, since the upper chords of the girders are cut, 
all the wind stresses must be transferred to the lower chords. The 
wind-bracing would doubtless be heavier than for a continuous girder^ 

Mr. Lindenthal has shown that while there are no temperature 
stresses in a three-hinged arch at the middle hinge they do exist for 
any change from the normal temperature in the connected half-arches. 
His investigation of this important question (which originally appcai'ed 
in the Engineering News of March 10, 1888, and which has been revised 
by him for the Board) will be fonnd in Appendix D. For the purposes 
of this investigation, however, there is no question that the hinged 
girder ought to be adopted, in order to avoid the complicated formulas 
which would be required in the other case. It will give results as 
accurate as the nature of the inquiry permits and on the safe side as 
regards weight of metal, which could be considerably reduced for 
any given case in practice by the use of continuous girders, or by other 
methods requiring more extended computations. The New York Board 
employed the same method. 

It will appear hereafter that when considerable rigidity is required, 
as in railroad bridges, the stiffening truss becomes the greatest single 
element of weight and therefore its economical designing is a matter of 
the highest importance. The Board therefore appends to this report a 
translation of Prof. Melan's complete investigation of the straight stif- 
fening girder, which it is believed is unknown to most American bridge 
engineers. A simpler investigation, but sufficiently rigorous for all 
practical purposes, covering both the hinged and continuous girders, 
has been attached by the New York Board as an api)endix to Its report. 

In the case of the hinged girder the greatest distortion of the cable 
occurs when the moving load covers the platform from one tower to a. 
point at a distance 0.105 L from the middle of the bridge. It is here 
assumed that there will be ])ractically no temperature strains and the 
simple statical conditions will enable us to express with sufficient 
accuracy the weight of the girder in terms of the span. 

'The values of the bending moments and shears which will be used 
in determining the weight of the girder are based upon the following 
assumptions: 

1. The stiffening girders are supposed to have a height sufficient to 
prevent great vertical flexure. So far as the vertical strains due to 
loading are concerned it is most economical to make the height as great 
as is practically possible, and with the hinged girder this may be done, 
since changes of temperature are without material influence. The 
height of the girder will therefore be assumed at 120 feet, as adopted 
by the New York Board. 

2. The tensions on the suspenders are supposed to be always equal; 
that is, the vertical reaction between the cable and the girder is uni- 
formly distributed over the whole length of the span j and the tensions 
on the cable an^ assumed to be invariable. It has been shown by M. 
Boulongne* that in the case of the suspenders the values obtained on 



* Note 8ur les Fonts Suspendus, Annates dea PoTita ^\. C\i'&xkft»^ft»,'\ "SsfetSft, '\.^^K^'5»^-', 
1892, p. 742. 
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this hypothesis can not be in error more than 5 per cent, and for the 
cables the error is on the safe side, since it increases the amount of 
work required of the girder. 

3. The effects of the elastic elongation of the suspenders, due to live 
load and temperature changes, are neglected. As remarked by the 
New York Board, these disturbances can be avoided by omitting the 
suspenders for a short distance next the towers. 

The discussion of the values of the maximum bending moments and 
shears is omitted from tliis rei>ort, as it is given fully in Melau's investi- 
gation (Appendix E), and also in Appendix E to the report of the New 
York Board. 

The curve of maximum bending moments covering the half girder, 
whose length is J L, is very nearly a parabola, and its area is very nearly 

§ X 2 X 0.01883 qi U. The average maximum bending moment will there- 
fore be 

M„, =0.01255 qi JJ. 

The average maximum chord-stress is found by dividing this moment 
by the height of the girder; the area of the cross-section of the chord 
in square inches is obtained by dividing this chord stress by the 
assumed working unit stress; and the theoretical weight of the chord 
per linear foot by multiplying this area by 3.4 pounds. To obtain the 
practical weight the theoretical weight must be increased by about 25 
per cent for constructive details. Although the chords are subject to 
reversal of strains, the Board have assumed a unit working stress of 
15,000 pounds, for reasons which will be fully explainetl elsewhere. 

The weight of the upper chord in pounds per linear foot will there- 
fore be — 

0.01255 (/, L2 X 3.4 X 1.25 nn/iAnn/ioor-Q ^ t s 
15,000 X 120 =0.00000002963 q, U 

The dimensions of the lower chord will have to be considerably 
increased, as it serves also as a chord in the wind girder. Assuming 
for computation a wind pressure of 2,250 pounds per linear foot, for 
reasons before given, the average maximum bending moment due to 
the wind will be — 

M.„^= 187.5 1/ 
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The unit working stress will be assumed at 30,000 pounds per square 
inch for reasons which will be given elsewhere. Eemembering that 
the width of the track- i)latform between the axes of the gii*ders is 100 
feet, we obtain for the weight per linear foot of material to be added 
to the lower chord to take care of the wind-stresses 

jj7.5 L X 3.4 X 1 -2^ ^0,0002656 L^. 
30,000 X 100 

The average total weight per linear foot of the lower chord is there- 
fore 

(0.0002656+0.00000002963 qi) L' 

. The shearing stresses due to a continuous moving load are greatest 
at the origin of the span and diminish to 0, changing from upward to 

downward stresses at a distance ^ from the origin. The average max- 

imum shear without regard to sign for all positions from the origin to 
tie middle pin is S= 0.1038 qiL. 
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The theoretical weight of the web must be increased by about 50 per 
cent for constructive details and to provide for the transfer of weight 
from the upper to the lower chord. The lattice bars being placed at 
an angle of 45°, the weight of the web per linear foot of span will be 

M381_g,L ><a4 X 1.5 X 2^0.00007068 g.L. 

For the total weight per linear foot of each stiffening girder we 
finally obtain by addition 

^^ =qi (0.00007058 L+ 0.00000005926 L*)+ 0.0002656 L\ 

The value of gi, which is to be employed in this formula, must now 
be determined. It will be remembered that the stiifening girders 
carry no weight, not even their own. They simply distribute the 
inequalities of the live load and limit the deflections in the cables and 
floor system. The girders must be dimensioned with special reference 
to those positions of the live load which correspond to the greatest 
deflection. The maximum bending moment in either half-girder 
corresponds to a continuous live load extending from the origin 
towards the middle of the span and covering a distance 0.395 L. For 
all spans up to 2,957 feet (equal to the maximum train length divided 
by 0.395), the single freight train on each track (all six trains being 
supposed to advance together with their engines abreast) will produce 
the maximum bending effects, the length of such a train being 1,168 
feet. For greater spans it is evident that the maximum effect will not 
be thus i)roduced. Accordingly, for spans greater than 2,957 feet we 
should divide the maximum train load by 0.395 L to obtain the live 
load per linear foot of span to be used in determining the weight of the 
stiff'ening girders. 

The weight of the train is 3,000,000 pounds; hence for each girder 
we obtain 

_ 3060000 X 3 _ 23240506 

'^'- 0.395 L - L 
and by substitution in the preceding equation 

f/ = 1640.3 + 1.377 L + 0.0002056 U 

The total girder-load per linear foot for the whole bridge will there- 
fore be pi = 3281 + 2.754 L -f 0.0(K)5312 L^ 

This formula leaves entirely out of consideration the fact that part of 
the live load is taken up directly by the cables, yet it is certain that a 
considerable part of the action of the live load may be thus absorbed. 
In his reconstruction of the Niagara Suspension Bridge, Mr. L. L. Buck, 
the engineer in charge, provided for a maximum deflection of 15 inches 
in 500 feet, and thus reduced the value of Iq^ in his formulas from 0.8 
ton to 0.6 ton. Mr. W. Hildenbrand, in his reports relative to a pro- 
posed suspension bridge across the Hudson River, which are appended 
to the report of the New York Board, provides for a maximum deflec- 
tion giving a grade not exceeding 1 per cent. He thereby reduces 2^i 
from 9,000 pounds to 7,800 pounds. The Board do not doubt that within 
narrow limits a certain degree of flexibility is an advantage to the 
bridge. Deflections in a system of stable equilibrium do not impair the 
safety of the structure as they do in an unstable system like the upright 
arch, and they may exert a very beneficial influence in modifying the 
dynamic eff'ects of a rapidly varying live load. OwWv^ ^>Ook«t\!iMSjA^^>&. 
is to be remarked that any increaae m \Ji^ ^t«A!^ oi \>cl<^ \jt'3v.0«.-^^^^^^^^ 
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is accompanied for fast trains by a certain increase in the dynamic 
action of the live load. 

The proi>ortion of live load absorbed by the cables increases as the 
catenary becomes flatter, but the cables must be made heavier. It is 
not easy to determine satisfactorily the resultant effect of these deflec- 
tions, and in order to be on the safe side the Board make no allowance 
for them in this investigation. 

Lateral bracing. — The principal duty of the lateral or sway bracing 
is to resist the action of the wind. The top lateral system is a light 
riveted lattice connecting the top chords of the stiffening girders. 
Since these chords are cut at the middle, the entire work of resisting 
wind pressure is done by the bottom lateral system. The top system, 
in conjunction with the cross-frames and hangers in a vertical plane 
above each cross-girder, serve simply to transfer the t ind stresses and 
a portion of the load to the bottom system. We may assume for the 
weight of the top system 500 ]K)unds per linear foot, and for the cross- 
frames and hangers, 1,920 pounds per linear foot, as computed by the 
New York Board. These weights may be considered constant for all 
values of the span within the limits of this investigation. 

In the bottom system the chords are the bottom chords of the stiffen- 
ing girders, in the dimensioning of which the wind stresses have 
already been provided for. The cross girders of the floor system form 
the lateral struts, and the diagonals are strained in tension. It only 
remains to determine the weight per linear foot of the diagonals. The 
depth of the wind-girders {d) is 100 feet, and the theoretical panel 
length (6) is 120 feet. The number of panels (n) on .each side of the 

middle point is therefore ^ . . The theoretical panel load is 2,250 b: the 

2b 

assumed unit stress is 25,000 pounds; and 25 per cent is added for con- 
structive details. The weight of the diagonals per linear foot of span 
will then be 

2x1.25x3.4x2250 b L^ (^'4-^*) ^ ^iiaoT 
25mdLx^b^ = 0.3889 L 

For the weights in pounds per linear foot of the lateral or sway 
bracing, including the cross-frames and hangers, we therefore have 
jp3=2420+0.3889 L. 

WORKING STRESSES. 

In determining the weights of the two most important members of 
the bridge — the cables and the stiffening girders — the Board have 
assumed working stresses which are greater than those generally 
adopted in truss or arch bridges of moderate span, and which, there- 
fore, require explanation. 

The most approved formulas for the determination of working 
stresses are based upon the experiments of Herr Wobler, made for 
the Prussian Ministry of Commerce, and published at Berlin in 1870.* 
These experiments not only confirmed the earlier result obtained by 
Sir W. Fairbairn and others, that with repeated a]iplicatious of a load 
a bar breaks under less than its static breaking load, but they also 
showed that the breaking load varies inversely with the difference 
between the maximum and minimum stresses. Furthermore, it wa 
found that a bar may be broken by a still smaller fraction of the static 



' Uber die FestigkeitAversuche m\t¥*\aA\iuii^^\ji^. 



21 

breaking load if it is alternately strained ia opposite directions, the 
stress alternating between a positive and a negative quantity. 

The principal ^rmulas representing these results are based upon two 
radically different interpretations of the observed facts. In one case 
it is assumed that the repeated alternations of stress produce an actual 
weakening of the material which has been called "fatigue." This view 
is represented by the Launhardt-Weyrauch formulas, whjch are as fol- 
lows: 

For stress in one direction — 

t — u 

For alternating positive and negative stresses — 

a = 1/(1- ^ (l>) 

in which ^= „,„^^ = the ratio of the least to the greatest stress: 

max. s 

a = breaking strength under the assumed conditions, which is to be 
divided by the factor of safety (generally 3) ; ^ = breaking strength 
under a static load ; u = the limiting strength (CTrsprungsfestigkeit), 
measured by the greatest load the bar will bear with an indefinite num- 
ber of alternations between and u without reversal ; and s = vibration- 
resistance, which is the limiting strength for alternations of equal mag- 
nitude with reversal. 

In the other case it is assumed that the alternations produce no 
change whatever in the molecular condition of the material, but that 
the increased effects are produced entirely by an increase in the stresses 
due to dynamic action, the stress being equal to the load only when all 
the forces acting are in static equilibrium. This view is represented 
by the so-called dynamic formula, which is 

a=max. S-f ;/ (max. S— min. S) 

In this formula ;/ is a coeflficient depending upon the violence and 
time-rate of the load-changes. 

The Launhardt- Weyrauch formulas are based entirely upon Wohler's 
experiments, and do not take into consideration variations in the rate or 
violence of the dynamic action. Prof. Fidler says that in these experi- 
ments the load was applied about four times per minute. 

Prof. Fidler has shown that when the alternations are rapid (for 
which case //= 1) the dynamic formula represents VVohler's experi- 
ments as accurately as the Launhardt-Weyrauch formulas. No satis- 
factory determination, however, has been made of the value of //for 
the various cases occurring in practice. In the case of cross-girders 
and vertical suspenders, which receive the full action of the elastic 
vibrations due to a sudden imposition of the load. Prof. Fidler assumes 
7/== 1, and he adopts the same value for the diagonals of the web brac- 
ing. For the flanges of a girder or in the principal members of an 
arch or suspension bridge, in which the stress-changes take place more 
gradually, he recommends a reduced value bearing some unknown 
relation to the length of span. He considers the value //= J to be large 
enough for all spans down to about 100 feet. 

It is not possible in this report to make an extended comparison of the 
merits of these formulas. It may be remarked, however, that the effects 
of variations in dynamic action certainly play an important part in the 
determination of ultimate strength, although there are as yet no experi- 
ments showing how far this strength ia a1\*^eX^vi\i'^ X\!^^^^^vij<^fc>^^ 
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disdDgiiished fioD dwBcre muibcraf thestras-ckangiHw 

a pemd of rest alter ^fiiU^ne^ restores stremgtk. 

djnamic TariatiooA, wbieh are entirdj nnrc pre g cn ted in tke f aanWidt- 

Weyraoch fonDolas, reaU j exist, and are of sptmk i»pofftaDce in tke 

thec^y of sij^pen<4oii bridges. Adear and aUedianMBoa of tke vtele 

«objeet will be foond in Cl^pter xiu. of Prof. Fidler s Practical Treatise 

on Bridge Couif^tmetion. 

The Board have adopted for the cables a worldng stress of W.WO 
pounds, which is one-third of the static breaking load. ProL Melaa 
says that, owing to the lack of experimentB with steel wires, we can 
consider the laws of Wohler <h]1j so far as to allow (cr lar^ spans a 
somewhat greater value of the working stress Fc^ ordinary ^nas he 
adopt .< a working strength of about one- fourth the ultimati^ strength of 
the wire. The Board believe that a .safety factor of 3 is amplv sufficient 
to cover both the effects of variations in stress and tbe imperfections 
of manufacture and adjustment in the caUes. As regards variations 
in stres.*(. it is to be remarked that there are no reversals, the wire 
being always in tension ; that considerable deflections correspond to 
relatively slight changes in streak; and that the stresses are slowly and 
gradaally applied, and well within the high elastic limit. 

This latter point is of special importance, for it is probyible that 
Wohlers law of reversals does not hold good for stresses well within 
the elastic limit. For example, in the balance s]iring of a watch« ten- 
sion and i'ompression succeed each other some I.jO.OOO.CmiO times in a 
year, aud the spriDg works for years without apparent injury.* In 
this counei-tiou it may be remarked that, although cables which have 
been long in use have been frec^ueutly examined, no deterioration of 
strength which could be attributed to variations of stress has ev^* 
been discivere^l. If we use the Launhardt formula, we are justified 
in making u very nearly equal to f. 

If we employ the dynamic formula, the fact/^r max. S — Min. S will be 
verj- small, for the reas<»ns*just given. As for the coefficient r. we only 
know that it diminishes as the s[ian increases, and. according to Prof. 
Fidler. it need not be greater than h for a span as small as lUO feet : it 
mu<t tlierefore be a very small fraction for spans as large as those now 
untfler onsideration. The variation-term of this formula will probably 
be so small that it may be safely neglected. 

As regards imperfections of manufacture and adjustment, which are 
covered in general practice by the safety factor 3. the foUowing points 
are ti> be noted. The uniformity of strength is greater for wire than 
for any other form of steeL The process of manufacturing a wire c;tble 
Ls ill itself a test of the material and insures a more nearly uniform 
distribution of stress over the cross- section than can be obtained in any 
other structure formed of a very great number of parts, li a factor 
of 3 is sufficient to cover the defects of material and construction of a 
riveted bridge-member, a somewhat less factor ought to be sufficient for 
a wire cable. 

For the reasons above given, the Board are of the opinion that a 
safety factor of 3 is sufficients and have therefore adopted 6U.0liii pounds 
per square inch as the working stress for the cables. 

The Xew York Board adopted the Siuiie working stress, giving as 
their reason that this is ^* the ssime proportion of the ultimate strength 
that the 20^000 pounds adopted in the cantilever structure bears to the 
lurobable strength of eye-bar steel." 



Prof, Ewing, Strength of Materialft. Knc. Brit. 
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The Board have adopted 15,000 pounds per sqaare inch for the work- 
ing strength of the stiffening girders. The New York Board limited 
the stresses due to a moving load to 12,500 pounds, because there is a 
reversal of strains, but allowed the stresses from the combined effects 
of moving load and wind to run up to 22,500 pounds. The reasons of 
this Board for adopting a higher working stress in the stiffening gird- 
ers are as follows: 

Although there is a theoretical reversal of strains, it will rarely and 
perhaps never occur with the maximum stress, since this would require 
six of the heaviest freight trains, abreast of each other, to cross and 
recross the bridge, first in one direction and then in the other. This 
would probably never happen on a bridge devoted principally to pas- 
senger traffic, and it could be prevented by the simplest police regula- 
tions. Again, the lower chords of the girders havel>een made of suf- 
ficient strength to resist the combined maximum stresses of the live 
load and the wind ; but the maximum chord-stresses could never occur 
at the same time, since with the maximum wind pressure no trains 
could cross the bridge. Some allowance has been made fortius by the 
ado])tion of a working strength of 30,000 pounds for that part of the 
material added to resist wind. The only duty of these girders is to 
distribute the live load and thus prevent inconvenient deflections. It 
•is not necessary to give them the margin of strength which they would 
require if they were essential to the stability of tbe bridge. 

The Board are of the opinion that the gieat distinction between the 
stable equilibrium of a suspension bridge, which can not break down 
fi'om the failure of any stiliening member, and the unstable equilib- 
rium of a truss, arch, or cantilever bridge, in which the failure of a 
member may involve the collapse of the entire bridge, ought to receive 
full recognition in the adoption of unit stresses and safety factors. 
The weight of the stiffening girders constitutes the most important 
single element in the suspended weight of the bridge, being for the 
maximum span about one-half the entire permanent load. It should 
be made no greater than is absolutely necessary, for the structure 
ought not to be kept under a continuous stress to provide a larger 
margin for stresses which may never occur. The Board believ^es that 
the working stresses adopted are amply suflScieut for the members of 
the bridge. 

TOWERS. 

The weight of the towers forms no part of the suspended load, and 
therefore is only indirectly connected with the question of the maxi- 
mum span. There is, of course, a practical limit to the height to which 
the towers can be carried, and the relation between tlieir cost per ver- 
tical linear foot and the cost of the suspension system per linear foot 
of span will be an important element in determining the most econom- 
ical versine for the cables. 

The towers will be supposed to be formed of steel columns braced 
together, and will start from the upper surface of the masonry, 165 feet 
below the lowest point of the cables. An empirical formula, giving 
the approximate weight of metal (W^) in the towers, has been deduced 
by Mr. Lindenthal from various estimates of designs for suspension 
bridges, as follows: 

Since the section of the cable is throughout the same, the tangent to 
the cable at the tower in the end span should intersect a hotiaiQutiaJL 
line tangent to the cable curve at a di^twa^i^ tco\SL\X\fc ^"s^^^ <^'L\^^\ss^'ist 
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not greater than that of the intersection of the similar tangent in the 
middle span; hence the end spans should each beat least one-fourth of 
the main span, and the entire length of the bridge from face to face of 
anchorage should be at least 1.5 L. Subject to this condition, the end 
spans should be made as short as convenient to save cable weight. This 
is also important, when the backstays carry any directly suspended 
load, because the bending moments from the live load in their stiffening 
girders may otherwise become greater than in the main span. In the 
present investigation, however, the loads in the side spans are supposed 
to be supported from beneath, and the backstays have simply to trans- 
mit the suspended load of the main span to the anchorages, the pres- 
sure on the top of each tower being equal to the total dead and live 
load of the m«ain span. 

Let L» = length of thp> bridge exposed to wind pressure reacting lat- 
erally on the towers, in this case equal to L. 

ht = height of the metallic portion of the towers fi*om bedplate to 
cable bearing. 

W^ = suspended dead load plus maximum live load per unit of span. 

Et = reaction at top of towers, = 2 L Wb (for both towers). 

Wi = weight of steel per linear foot of square inch cross section = 3.4 
I>ounds. 

iS'= factor of safety. This will be assumed as 3. 

u = ultimate strength of steel per square inch, corresponding to S = 1. 

a = coefficieut of practice, including stairways, housings, cable bear- 
ings, etc., deduced from actual designs = 1.65 (Lindenthal). 

Steel having an ultimate strength of from 1K),000 to 100,000 pounds 
per square inch, and an elastic limit from 56,000 to 60,000 pounds, is 
considered by Mr. LindenthiVl more suitable and economical for heavy 
towers than a forgeable or punchable steel, with an ultimate strength 
of 60,000 pounds. All rivet holes in such high steel must be drilled and 
not i)unched and reamed. 

The metal in the towers is prox)ortional to the reaction Rt and the 
height III, The weight of metal in the towers, exclusive of bracing, will 

therefore be * \. 

The towers require bracing against wind pressure and bending from 
teuiperiiture changes in the cables. The metal in the braces will be 
proportional to the square of the height of the towers and to the length 
L exposed to wind pressure and temperature changes ; hence the weight 
of the bracing in tons will be L ^t* ^ ^» iii which b is the coefficient of 
proportional weight deduced from actual designs = 0.001 (Lindenthal). 

The weight of the towers will therefore be 

Wt=Ri ht 8 awi+L h^ 8 6=/tt S(Rtatr, -|- L4t&) 
u u 

Making «=3, W7,=3.4, a= 1.65, 6=0.001, Rt=2 W.L, and w = 60000, we 
obtain for the weight of the towers in pounds 

Wt=L_^t (0.187 W.-f /it) 
333 

This is on the assumption that the towers are constructed on the plan 
followed by the New York Board, so that the cables may be arranged 
side by side, and that steel of an ultimate strength of 60,000 pounds 
per square inch is employed in their construction. 
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BACKSTAYS. 

The length and consequently the weight of the backstays will 
depend entirely upon the arrangement of the end spans, and this will 
in every case be determined by the local conditions. If I represents 
the length of a single backstay, the total weight ( Wi,) of the backstays 
for the whole bridge will be Wi,=2 I w' in which w?'=the weight of all 
the cables per linear foot. 

I^ the backstays intersect the horizontal plane, tangent to the cable- 
curve at a distance J Lfrom the axis of the towers (which is the most 
economical arrangement so far as the total amount of cable metal is 
concerned), the length of each stay from the floor level to the top of 
the tower (the floor being considered horizontal and 60 feet below the 

lowest points of the cables) will be 5 ( +60), to which should be added 

a constant length of about 100 feet to carry the end of the stay to its 
X>oint of connection with the anchor chain, which should be well below 
the floor level. For this case the formula becomes 

Wb= (468.3 + 0.559 L) tr'= (449.G + 0.537 L) w. 

ANCHOR CHAINS AND PLATES. 

The anchor chains are formed of steel eye bars and connect with - 
the cables outside of the masonry of the anchorages, and with bearing 
plates of rolled steel at their lower ends. They are proportioned for a 
stress of 20,000 pounds per square inch with an allowance of 40 per 
cent for the weight of pins and constructive details. The tension on 
each backstay is 18,960,000 pounds. Tiie weight of the anchor-chains 
per linear foot for each back stay will therefore be 

18,960,000x3.4x1.4^^ ^^^^^^^^^ ' 
20,000 ' * 

The length of each chain may be assumed as 200 feet. The weight 
of chains for each backstay will therefore be 902,400 pounds. The 
weight of steel in each anchorage plate may be assumed as 100,000 
pounds, making the total weight of anchorage metal for each back- 
stay 1,002,400 pounds. If n represents the number of standard cables 
in the bridge, the totiil weight of the anchorage metal (W») will be 
W. = 2,004,800 n. 

In this formula no deduction of weight is made for the diminution of 
the tension due to the friction of the cliains on their supports. 

For the bridge of maximum span with 16 standard cables we have 
W.=32,076,800 pounds =16,038.4 tons. 

MASONRY AND FOUNDATIONS. 

. Anchorages, — As the anchorage masonry acts merely as a weight, an 
nexpensive class of masonry can be used everywhere except, perhaps, 
n the immediate vicinity of the bearings of anchorage cables and 

plates. The foundations need go no deeper than necessary to obtain a 

soil giving sufficient resistance to horizontal sliding, and therefore will 

be of comparatively simple and easy construction. 

Tower foundations, — The lower portion of the towers above ^rQavL<L 

and all that below ground will natuially \i^ \ivv^\» o^i \$saasi.wv^ ^ ^^iksj^ 
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may be all treated as constitutiDg the tower foundations. Being pro- 
portioned directly to the weight which they have to carry, such foun- 
dations for suspension bridges dififer from those of other bridges only 
so far as afiected by the great height of the towers proper and their 
consequent great weight and leverage; and therefore are like other 
foundations except that they must be given more cross-section, more 
care, and a better footing upon their beds. 

In proportioning such piers, the New York Board adopted the fol- 
lowing limits of stress: 

The pressure between the metallic bedplates and the top of the 
masonry should not exceed 20 tons to the square foot. The pressure 
within the masonry and on the foundation should not exceed 10 tons 
to the square foot; but in determining these pressures, the weight of 
materials displaced by the pier is to be deducted. 

The ^ew York Board remark that " while these pressures have been 
exceeded in some structures, they are higher than in usual practice, 
and call for masonry of good quality and of more than ordinary cost." 

The method of foundation construction will depend greatly upon 
local considerations. For a bridge of maximum span these founda- 
tions should rest upon solid rock, if possible, and at least upon hard, 
incompressible impermeable soil. Modern methods have already estab- 
lished foundations at a level of 1H2 feet below the water surface, and 
provide means for going still deeper, if necessary, and for obtaining a 
properly leveled surface in the rock when found; so that the question 
of foundations affects to-day only the economy and not the engineer- 
ing practicability of bridge construction. 

THE ENGINEERING PROBLEM OF MAXIMUM SPAN. 

It is now proposed to investigate the maximum length of span prac- 
ticable for a suspension bridge entirely from an engineering point of 
view, leaving the question of the relation between traffic capacity and 
cost of construction for subsequent consideration. 

If we suppose the cable-curve to be referred to rectangular axes 
through the lowest point as an origin, we have from the construction 
of the funicular polygon — 

^^=^ fFdx 
dx Q J 

in which Q represents the constant horizontal tension at any point of 
the polygon, and P the total suspended load per linear foot of span. 
The units are the pound and the foot. 

The load P is composed of the weights per unit of span of the live 
load, track-platform, bra<*.ing, cables and suspenders, some of which 
vary slightly with x; but the Board has found by a c^ireful analysis that 
even with the unusual weights and spans considered in this investiga- 
tion, the error involved in the assumption that P is constant is too 
small to be of any practical consequence. It is therefore assumed that 
the load is uniformly distributed, in which case we obtain by integra. 

tion for the equation of the cable-curve y =^ which represents a par- 

abola. If L represents the span and R the ratio of the span to the 

p T T> 

versineof the cable we obtain Q=--~'-i:" 

o 

2'Ije neatest stress on the cables is at tVieir Vii^lv^&t points^ and for 
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this maximum tension the sti^ength of the cables must be proportioned. 
Its horizontal component is the constant horizontal tension Q and its 

vertical component is the weight on the half span, -g-. If T repre- 
sents this maximum stress we obtain 

V * o 8 

If we represent by Lj the limiting span, that is, the span at which 
the cable will carry its own weight.with a given stress per unit of cross- 
section without carrying any other load whatever, we obtain from the 
above equation, by making 2>'=0 and L=Li 

8 
hence 

w ""L 

From the above equations we obtain 

ST 



Li= 



tCy/W + W 



For metallic towers and large spans the value R=8 will be generally 
about the most economical value for the ratio of the span to the cable- 
versine, when the cost of the foundations is taken into consideration. 
If we make li = 8 and substitute for T the working strength per s(iuare 
inch of the material of the cable, which we have assumed as 60,000 
pounds, and for ic the weight of a linear foot of the cable measured 
horizontally and having a cross-section of one square inch, which is 
3.54 pounds, we obtain Lj =15160 feet; 
and 

^'-h IT ^15160 
w L 

The values of p' and w in pounds, as determined previously, are as 
follows: 

i>'=13005 + 27704726 L ' + 3.24906 L + 0.00055335 1.^+ 0.000000003 L^ 
tr= 17917. 

Substituting these values and reducing we obtain 

31522 L + 3.24906 L^ + 0.00055335 L' + 0.000000003 L^= 243856994, 

the solution of which gives for the practical maximum span 

L=4335 feet. 

This span is measured between the highest points of the cables at 
opposite ends of the bridge. 

The Board consider this a conservative value of the maximum span, 
as it is based upon assumptions well within the limits of theory and 
experience. 
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The elements of the bridge, deduced by the precediog form alas, are 
as follows: 

Spao between tops of cables feet. . 4, 335 

Height of towers above masonry do. . . 707 

Number of cables 16 

Diameter of each cable with wrapping inches.. 21^ 

Susptnded weight per linear foot of span. 

Pounds. 

Live load i 6,353 

Platform 7,200 

Stiffening girders 25, 202 

Wind bracing 4,106 

Cables .• 17,917 

Cable wrapping...' 433 

Snspenders 1, 445 

Total suspended weight per linear foot 62, 656 

= 31.328 tons. 

Tons. 

Suspended weight for whole middle span^ 135, 807 

Weight of backstays 24,882 

Weight of anchor chains and plates 16, 038 

Weight of towers 57, 172 

Total weight of metal in the bridge 233,899 

THE RELATIONS BETWEEN SPAN, TRAFFIC AND COST. 

In the precediiiji: pages the Board have determiued to the best of 
their ability the luaximuni span practicable for a suspension bridge 
from a purely engineering point of view. Their instructions further 
require them to investigate the maximum span '' consistent with an 
amount of traffic probably sufficient to warrant the expense of con- 
struction." This involves the consideration of two subjects; the cost 
of construction and the traffic capacity of the bridge. 

Tlie cost of a suspension bridge can not be determined simply as a 
function of the span and traffic. In the construction of every such 
bridge there are elements of cost which depend almost entirely upon 
local conditions, and can not be estimated even with the roughest 
approximation until these conditions are fully known. For example, 
the cost of the piers will depend upon the depth of the solid foundation 
below the bottom of the stream or the surface of the ground; the cost 
of the towers and anchorages will depend upon the height at which it 
is necessary to elevate the roadway above the water surface, which 
again will depend upon the character of the river navigation; the cost 
of spaces for anchorages, approaches and terminal facilities will depend 
upon the local land values. 

By examining the detailed costs of several very large bridges, it is 
found that theseindeterminate local elements constitute on the average 
more than 60 per cent of the cost of such bridges in cities. It has been 
stated that in the ease of the New York and Brooklyn Bridge, the cost 
of the bridge structure proper was only one-third of the expenditure 
for the entire work. In the case of the suspension bridge to cross the 
Hudson at New York, estimated for by the New York Board, the local 
elements determine about 54 per cent of the whole estimat(*d cost, 
although the cost of approaches, terminal facilities and land are not 
included. 

The determination of any relation between traffic capacity and the 

cost of construction warranted thereby is equally difficult. It may, of 

course^ be assumed that the bridge of maxmvim ^p^oi'wWVXi^ constructed 
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only in a locality where the conditions of commerce justify the belief 
that the traffic capacity of the bridge will be fully ntilized. But in the 
general case it is impossible to determine what charges the traflic will 
bear. Moreover, the construction of such a bridge might be desirable 
even ii the traffic were not likely to give a sufficient return for the vast 
sum invested. By the combined action of railroad companies, such a 
bridge might be built for the general benefits resulting from increase 
and facility of traffic, even though it might fail to earn directly a reason- 
able interest on its cost; and the enterprise might be assisted by adja- 
cent cities, as was done in the case of the New York and Brooklyn 
Bridge. 

But while the Board have been unable to arrive at definite conclusions 
in the general case, they believe that much may be learned from the 
study of the problem as limited by the conditions of a special locality, 
and the material for such an inquiry is furnished by recent investiga- 
tions in ox)nnection with proposed bridges across the Hudson Kiver at 
New York. 

It is said that the number of ferry passengers crossing from New 
Jersey to New York City now exceeds 85,000,000 per year, and the 
passenger and freight traffics are growing rapidly. It can scarcely be 
doubted that a bridge in this locality would be used to its full capacity. 
Such a bridge would, however, be employed principally for passenger 
traffic, the fiicilities for moving freight on floats at water level to any 
point on the water fronts being ample and convenient. 

The Hudson River at New York forms the most important part of 
the interior harbor. Its mid channel depth of at least 49 feet, and its 
clear width of at least 2,800 feet between pier-head lines, make it one 
of the finest roadsteads in the world. It is navigated by an enormous 
commerce. Strong i)rotests against its obstruction by a pier in the 
channel have been made by the commercial interests of the port. The 
least objectionable location for such an obstruction would be not far 
from the middle point, between the pier-head lines, where it would 
divide the upstream and downstream traffic, but this location is pro- 
hibited by the great depth to a firm foundation. 

The New York Board reported that it is safe and practicable to cross 
the river with a single span, and estimated the cost of a suspension 
bridge for that purpose, its New York pier being between Fifty-ninth and 
Sixtieth streets, at $30,743,000. This is the estimate for their Lighter 
8trv-ctur€^ but it provides for a bridge amply sufficient for the purposes for 
which it is intended. Moreover, the estimate was made for the purposes 
of comparison, and the report of the Board distinctly states that it is not 
to be taken as an absolute estimate of cost. This Board considers this 
estimate perfectly satisfactory for the purpose for which it was made, 
but they think it desirable to determine a minimum as well as a maxi- 
mum estimate, to show the variations to which such estimates are liable 
and how much they are affected by legitimate differences in the assump- 
tions upon which they are based. An estimate has therefore been made 
on the following assumptions: 

The cost of structural steel is taken at 4 cents per pound, in accord- 
ance with the views of a majority of the New York Board, as indicated 
in their report. 

The cost of wire work is taken at 7 cents per pound, which is based 
upon prices given by leading manufacturers and upon actual experi- 
ence in the case of the New York and Brooklyn Bridge. 

The weights of metal are determined by the formulas ^vi^\s.\xi.\^ss\'^ 
report. 

Tiie bridgre is supposed to be located tv^x^\3.\»i-^vsi'^^'^^^^^^^'^^ 
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York, and the cost of the substructure is assumed to be the cost at the 
lower location (between Fifty-ninth and Sixtieth street), as estimated 
by the Few York Board, less $2,900,000, which they state would be 
saved by adopting the upper location. The minimum estimate is as 
follows : 

Structural steel : 

Suspended weights pounds. . 90, 870, 000 

Towers-. 1 do.... 52,313,000 

Cliaius and anchor plates do 18, 324, 000 

Total do.... 161,507,000 

At 4 cents per pound $6,460,280 

Wire work : 

Main cables and wrapping pounds . . 30, 358, 000 

Backstays and wrapping do 22, 738, 000 

Suspenders do.... 3,222,000 

Total do.... 56,318,000 

At 7 cents per pound $3, 942, 260 

Cost of superstructure 10, 402, 540 

Cost of substructure 11,784,000 

Total cost of bridge 22,186,540 

The final plans for a work of such magnitude would only be adopted 
after the most extended theoretical and experimental investigations, 
and the estimated cost would undoubtedly be much reduced by such 
studies. Assuming the most favorable location and the most compe- 
tent engineering management, the Board believe that $23,000,000 is a 
reasonable estimate for a six-track railroad suspension bridge 3,200 feet 
long, and they consider the amount of traffic which such a bridge would 
accommodate sufficient to warrant the expense of construction. They 
believe, however, that the bridge should be so constructed that its 
capacity can be readily increased, and with the suspension system this 
can be provided for by giving suitable dimensions to the towers and 
anchorages. 

If sufficient inducements were offered to competent engineers to pre- 
pare competitive designs and estimates for a single-span bridge at this 
locality, the Board do not doubt that perfectly satisfactory plans would 
be obtained within the limit of cost of the estimate given above. 

The Board desire to express their obligations to Mr. Gustav Linden- 
thai, C. E., Mr. W. Hildenbrand, G. E. and Mr. L. L. Buck, G. E. for 
information and valuable suggestions. 

The following appendices accompany this report: 

Appendix A. — Orders and instructions. 
Appendix B. — Correspondence with wire manufacturers. 
Appendix C. — Wind pressure. 

Appendix D. — Temperature Strains in Three Hinged arches, by Gustav Linden- 
thai, C. E. 

Appendix E. — The Theory of the Stiffening Girder, by Prof. J. Melan. 

Respectfully submitted. 

G. W. Raymond, 
Major J Corps of Engineers. 

Wm. H. Bixby, 
Captain^ Corps of Engineers. 

Edw. Burr, 
Captain^ Corps of Engineers. 
Bng. Gen. Thomas L. Casey, 

Chief of Engineers^ TJ. 8. A. 



Appendix A. 

ORDERS AND INSTRUCTIONS. 

War Department, 
Washington f D, C, January 27 ^ 1804. 

Sir: Iq view oftlie importanoe of qnestions ariMing in this Department in connec- 
tion with the building of bridges over navigable streams, it is essential that it sbonld 
be possessed of accurate and full information necessary to their intelligent and 
proper determination. 

I have therefore to direct that you convene a Board of OflScers of the Engineer 
€orps, who shall investigate and report their conclusions as to the maximum length 
of span practicable for suspension bridges and consistent with an amount of traffic 
probably sufficient to warrant the expense of construction. 
Very respectfully, 

Daniel S. Lamont, 

Secretary of fVar. 
The Chief of Engineers, U. S. Army. 

[First indorsement.] 

Office Chief of Enginkers, 

U. S. Army, 
Januaiy 30^ 1S94. 

Respectfully referred to Col. C. B. Comstock, Corps of Engineers, in connection 
with Special Orders No. 5, Headquarters, Corps of Engineers, January 29, 1894. 

Attention is invited to the within instructions. 

The investigations of the Board will include strength of materials, loads, founda- 
tions, wind pressure, oscillations, and bracing. 

A detailed report is desired. 

By command of Brig. Gen. Casey : 

H. M. Adams, 
Major, Corps of Engineers. 

[Third indorsement.] 

Office Chief of Engineers, 

U. 8. Army, 
February 3, 1894, 

Respectfully referred to Maj. Charles W. Raymond, Corps of Engineers, senior 
member of the Board, attention being invited to instructions contained in iirst 
indorsement. 
By command of Brig. Gen. Casey : 

H. M. Adams, 
Major f Corps of Engineers, 



o«^»:„i n^A^^^ ) Headquarters, Corps of Engineers, 

^ ^ift ' V United States Ai\my, 

^"' ^* S Washington, D. C, January 29, 1894, 

A Board of Officers of the Corps of Engineers, to consist of Colonel Cyrus B. Com- 
stock, Captain William H. Bixby, First Lieut. Edward Burr, will assemble at New 
York City, on the call of the Senior Member, to make investigations as to certain 
bridges in accordance with instructions of the Secretary of War to be transmitted. 

Upon the completion of the duty assigned them the members of the Board will 
return to their proper stations. 

The journeys required under this order are necessary for the public service. 

By command of Brig. Gen. Casey : 

John G. D. Knight, 
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finftoiftl Or<l«rft ) HEADQUARTERS, CORPS OF ENGINEERS, 

^ Nn 7 ' > United States Army, 

^"* '• S Washington, D. C, February 1, 1894. 

By direction of the Secretary of War Colonel Cyrus B. Comstock is relieved and 
Major Charles W. Raymond is detailed as a member of the Board of Officers of the 
Corps of Engineers ap])ointed by Special Orders No. 5, enrrent series, from these 
Headquarters. 
By command of Brig. Gen. Casey: 

JoiiN G. D. Knight, 
Captain, Corps of Engineers. 



Appendix B. 

correspondence with wire manufacturers and others with 

reference to steel wire. 

United States Engineer Office, 

Norfolk, To., June 19, 1894. 

Dear Sirs: The Secretary of War has appointed a Board of Engineer Officers (of 
which Maj. C. W. Raymond, Corps of Engineers, at Philadelphia, Pa., is the senior 
member) to investigate certain questions with regard to suspension bridges of long 
span, and the board has assigned to me the duty of collecting information with 
regard to steel wire suitable for use in the cables of such bridges. As manufacturers 
of steel wire of high grade, I beg to submit to your consideration the following ques- 
tions and to request such answers thereto as you may be disposed to give: 

(1) It is understood that the steel wire used in the cables of the East River Bridge 
was No. 7 and No. 6, and had a tensile strength of not less than 170,000 pounds per 
square inch, and that steel wire with a tvnsile strength of 170,000 ]r>ounds per square 
inch and upward is used at present in the manufacture of steel wire ropes. In the 
present condition of the industry what is the maximum tensile strength that it would 
be posHible or practicable to guarantee in a contract for the wire of a suspension 
bridge of very large span, the contract being presumed to be of such magnitude as 
to warrant the introduction of such special machinery as might be necessary to 
obtain the best results? Would it be possible or practicable to furnish wire with a 
tensile strength of 300,000 pounds per square inch that would satisfy the other con- 
ditions as to ductility, cost, etc. ? 

(2) Other thsm tensile strength, what teats would you recommend for such wire 
as could be furnished as per paragraph (1) f 

(3) Under the conditions named in paragraph (1), could wire of the given quality 
be furnished of the size of No. 3 B. W. G. f 

(4) Can you name, approximately, what would be a reasonable price for such 
wire and could it be furnished, under the conditions named in paragraph (1), at a 
price not excee<Ung 10 cents per pound? 

Answers to the above inquiries and any other information relating to the subject 
that you may feel disposed to furnish will be highly appreciated and duly 
acknowledged. 

Very truly, yours, Edw. Burr, 

First Lieutenant, Corps of Engineers. 
The John A. Roebling'i^ Sons Company, 

Trenton, N, J, 



JOHN A. ROEBLING'S SONS COMPANY. 

Trenton, N. J., June 32, 1894. 

Dear Sir: We have your favor of the 19th instant with reference to wire suitable 
for suspension bridges of long span. In the cables of the East River bridge Nos. 7 
and 8 wires, having a tensile strength of 170,000 pounds per square inch, were used, 
costing about 7^ cents per pound. To-day we can make a purer and higher grade of 
wire in No. 3 gauge, galvanized, and properly prepared, having an ultimate strength 
of 180,000 poundi^ per square inch, for about 4^ cents per pound. This would about 
be the clasa of wire commercially suitable for bridge purposes. For special cases a 
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higher grade of wire can be made that will 8taiul 225,000 pounds per square inch at 
a cost of about Si centH per pound. Hoth rlusscH of wire to strcttrli 4 p««r cent in 12 
inches and to bend around their own diiinicter. \Virt» can bo niado to stand the above 
tensile strengths for Icsh money, but there will lie a lack of uniformity and line 




pounds. To make wire in one-quarter of an inch dianietor size, to staiul over 2'Ji},000 
pounds, with proper ductility tests, in beyond our skill and knowledge, and for 
saitablo wire wo place the limit ai 225.000 pounds. 

lu either case special macliinery will have to be c<m8tructcd, and samples can not 
be made on the spur of the moment. 
Yours, truly, 

John A. KoEUMNtt's Sons Company, 
C. E. K. 
Lieut. Epwaud IJurr, 

First Lieutenant, Corjis of Enyiuccrs, U, S. Annyy Xorfotk, Fa, 



WASIinURN AND MOKN MANUFACTrKING COMPANY. 

WOKCKSTKU, Mas8., Juhf 0, JS04, 

Dear Sir: Replying to your communication of Juno 19, we have given your 
communication careful investigation and from the infurmation we have been able to 
collect we beg to submit the following report, and at the same time ask you for more 
data regarding your requirements: 

First. The size of the wire used for the Knst Kiver IJridge, we believe, was No. 8 
iu8tead of Nos. Gand 7. The tensile strength was su])]M)sed to be 1(U),0(h) pounds to 
the square inch, instead of 170,000 pounds. \W had I.itu h'd to believe that (|uite a 
percentage of the wire, however, which was used in the bridg»' was un<ler 160,(K)0. 
The only other re(iuirement was wrjipidng the wire cold around a three-quarter- 
iuch mandril. 

The present standard of steel rope wire is somewhat as follows: 



Ko.otoXo.ft .. 
No. 9 to No. 10 . 
No. le to No. 18 
No. 18 and lluer 



(.'nn'llilc Hti'cl rope Plf>\v-s(« i.l ropo 
Mill-; »ilr;ilii ptT win*: Hiraiii i.or 
ifkquHn; iiK li. ' tiquau' iiieli. 



Pull ml*. I I'ouuiU. 

1 ••O. 0(H) to 1 ^■0. 000 22r», <MMl or o vit. 

1 {'.«). UIH» U* 1 80, 0:jO ' 'JiO, mM> or ovt- r. 

17'*, IMiU to 1!H). LUO 270. 000 or over. 

ISO, (JUU or over. I '^70, OuO or over. 



**In the present condition of the industry'' we can nndertak<^ to give at least 230,000 
pounds per square inch. No. 8 and finer, or even a little hij^her, with a mechanical 
test very much more severe than the lirooklyn bridge wire; i. e., to wrap around its 
own diameter three times and unwrap again without breaking, whereas the Brook- 
lyn Bridge wire only had to wraj) around a thn^e-tpiarter inch bar. If it is <le8ircd by 
toe Engineers to have a still harder wire but less ductility we can certainly give 
a much higher strength, but this is all in the direction of the more brittle wire an^d 
one that will stand less bendini^ test. 

We sent samples of No. 8i and No. Oi to the World's Fair showing a tensile strength 
of 230,000 to 250,000 pounds per square inch, with good elongation and bending test. 
Please find herewith a printed card showingofficial testof the Ordnance Dexiartment 
at Watertown Arsenal, Mass. 

In answer to your question, *' Would it be possible or xiracticable to furnish wire 
with a tensile strength of 300,000 pounds to a square inch, ete.*' WMth special 
machinery and appliances and a large contract we have little doubt of our ability to 
produce wire of a tensile strength of 300,000 to the scpiare inch, but necessarily the 
requirements of elongatitm and bending test must be somewhat lower. The larger 
the size the greater the difhcnlty in accomplishing the result of high tensile strength 
witli high elongation and bending properties. 

Eminent engineers dili'er in regard to the re<iuirements for sn.spension-bridge pur- 
poses; some favor wire with high elongation and low tensile strength, while otlivrB 
require high tensile strength and low elongation, 

8H» 3 
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Sccun<l. We hIiouM rHOomiiieiid three tests, tciiBih) RtTenfrt>h, ulongation, and wrnp- 
pin^. It' the wire Ik hard iiiid at the same time Inr^o in diameter the torsion test 
18 not reliable. We think the three tests named arc snllioieut for all practicable 
pnr])08e8. 

Tliird. Wire conld he furnished of No. 3 \\. W. O., hnt this would necessitate special 
machinery nnd a large ontlny, and would neressnrily he more ex])enHive to ]»rodue« 
than No. 7 size. We advise that, taking everything into ronsideration, that SOO^tKH) 
pounds ])er square inch would he too high, unless your Board of Kugincei's consider 
tensile strength in preference to other requirements. 

Fourth. The answer to this ({uestion depends entirely njion what eonditicms your 
Board of Engineers ask for. and we submit the following <iuestions: 

What t>ensile stn-ngtli will he tleeided uponf 

W^hat other mochanical tost.s will be required in udditicm to the tensile strength, 
nnil how severe? 

The maximum and minimum weight of ]>ieecs required? 

Amount of leeway which will be allowed in drawing from c»ne end of the piece to 
the other f 



Jlow hiY^e a quantity of wire will be reqiiiredf 
What will the size of the Avire hei 



We wish to call your attention to tests which have been made for us at U. S. 
Ai'scnal, Watertown, Mass., Avhich are no doubt on file, and to which we invite your 
attention. 

Very truly, 

Wasiibukx & MoKN Mam:factukinc. Company, 

F. H. 1>AXJKJJ*, 

^Vffriuttudint, 
Lieut. Ei>. BuiiH, 

C'orjw of Eft gin cere, U, S, A., U, S. JCtifjineer Office j Xor/olk, Va, 



THK TRKNTON IIJOX t'OMPAXY. 

Thkntox, N. J., July 10, 1S94. 

Deati Sin: Replying further to your favor of the 19th nltiuio, as stated iu uiy 
letter of the .SOth owing to an absence of two weeks at the time, yonr lctt<T was 
received and continuearush of hnsineus since then, it has really been impossible to 
t^ike U]» the question with any reasonable care until the ]»iesent moment. Now, 
ro]»lying to your several inquiries, I should say that nnder the present condition of 
the wife industry a maximum teusile strength of IfOO.OOO p<»unds per square inch 
for NoM. 6 and 7 wire conld be easily obtained without any A'ery great increase in 
the cost; that is to say. wire of that tensile strength could be obtained at ligures 
varying from 8 to D ccMits per pound. Tf higher tensile strengths than this were 
required, say np to 800,000 j»er sqnare inch, the cost of the machinery and the coat 
of the necessary extra pbint for making such wire, might make its use almost 
impossible; from a linancial ]»oint of view. 1 donbt whether wire of that tensile 
strengtli could be obtained at less than 15 to 1(5 cents per ])ound. 

Answering yonr second quei'y. would say that in addition to t'i'nsile strength, I 
would reconniiend that tests t*or elongation and also for torsional strain should bo 
ad(q)ted. 

Answering your third <iueation, would say that nndcr the conditions named in 
question 1, I shcmld say that wire of a quality of 1SO,(MJO to UU),0<K> ]ionnds could 
be furnished r»l No. 3 Birniingbam win? gauge. But in order to do this, (|uite con- 
siderable changes would have to be nnuU) in the ]>]ant of any existing wire niillB, 
as the work of drawing would have to commence at very much larger sizes than 
any we now use. I am not prepared to. say that any tensile strength exceeding 
IfOOi.OOO ]>onnds i»cr sciuare inch could be obtaiue*!, comiuercially, for wire of No. 3 
gaugt^; it certainly could not be obtained for 10 cents per i)ound. 

In regard to the question of galvanizing wires of thcs«; sizes, wonld say that while 
the cost would only be somewhere in the neighborhood (ff three-quarters of a cent 
per ]>ound extra for this. I should imagine that tin* wires would be ver>' unieh 
injured by this galvanizing. In order to make the zinc adhere properly to the iron 
it w<iuld lie necessary to heat these large sizes to such an extent as to ]>ractieally 
destroy the elfects of the hardening by drawing. whi<'h would have given tlicni 
their tensile strength. Consequently, I shmild certainly reconmiend that the wires 
should not be gahanized in the ordinary way, but should bo coated electriailly 
with aluminium. This can be done cold, and without Injuring the strength of the 
wntttjtul nt all; and while it hn^ never yet been done ou wire to a hu*go extent, it 
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has l>ecn nned on tho piihlic hiiililinjra tower in Philmlolphia with roDHidorable buc- 
cesa, 80 far OH tho writer is inroriiieil. If there arejmy otlier questionH which you 
would like to put to iih re^ardiiij; thin nuitter, we shall ho hup]>y to take tlio matter 
up, aud if possible j^ive you iutelligeut replies. 
Yours, truly, 

Tkkntox Ikon Company. 

E- Gyiujon Si'ilshury, 

Manayimj Director. 
Lieut. Ki>. Bt'ki:, 

U, iS, Jnnify \orfoll\ Fa. 



LETT IK tn- (;kX. KDWAI!!) w. skhkrll. 

s LiviMjsiox TLAti:, Sti-yvksaxt Takk, 

New York, ASeptcnibfr M, 1S04, 

Sir: • * • As to the Hullivaut straud, these :iro the leadin<; faets: The strand 
is made of 01 wires; the rent ral wire is solt iron: tli«^ others are of a very hiji^li 
^raile of steel. It is eriicihle metal, made with boxwood cbareoai. so line aud hard 
that I liHve had several kiiii'e Itlades mad(> of the ])art8 of the strands broken at 
Watert<»wn that can be made sliarp as a razor. J send you iiu'losed a small eliisel 
made of the end of a wire broken in the tostinii: ma<-hino testing a strand. There 
was no h(dd-tkst at taehment to this strand, and it was fastened in the machine by 
the gri]> with a million of ponnds pressure. You ean S(?e the marks made by the 
helieea uiashin;; into each other, and yet the ehisel is moderately sharp and lias cut 
cast iron. This wire is very hard antl unusnally stiti'. but will bend and wind upon 
its own diameter, and will reeovi-r from a bend of ISO dejjrees closed withont Haw. 
Strands can be had made of skeins of tlie ]eTi;;th of the strand without joint in the 
wires, and the strand li.s(M) fret hm«;. The helieesof the strand alternate in o))posite 
directions, and the angle of thi^ ]nteh inerea^^es from the core to the ont6i<l(^ one iu 
snch a way that tli(>- strain u])ou each wire is more nuitorm than upon separate 
skeins, at least so a Itoaid of Kn«;ineei-s. of whieh I was chairman, decided after 
several weeks of investigation. The Hoard consisted of Lieut. Col. l*aine, (-. E., 
U. S.V. ; Licnt. Col. (Jeor;;^ V. Kosberj;. W, A., V. C. ; Mr. Sloane. C. E., of Chicajco; Mr. 
James Kowan, U. E., of the Can;ulian raiilie Kailroad; Mr. S. NMIaight, C. E.. and 
mvsidf. It was t'onnd that the si retch, whieh was at first feare<l, was a verv small 
fraction more than that oi a sin;;le straight wire. The stretch was cmi tinned to 
rnpture; the exact ditVerenco between the strand and the straight wire was^j;*;^*!* 
(Extract from Col. Kosberg's leport.) 

Tho tests for fatigue of this metal show goi»d results; up to two-thirds of elastic 
limit no fatigue was apjiarent. At the end of three day.s' continuous strain (Col. 
Parker's report), where the stress wms final at 2.')0,5rK) pounds to the squ are inch, the 
elastic limit was llK5.10i> (N.O. Olsen's reports), but it is proper to say that doubt as 
to the elastic limit existh in this case, as it seems to me it should in nu)st cases. Tho 
diameter of tho wire, which is round, averages 0.100 inches. (Ntr report of (!ol. Fos- 
herg, Col. Parker. Mr. ( Useu, and ('<d. Paine. ) A single win; usually bi'oke at about 
.5,(NH) poun<ls' dead ])ull,and so uniform is the lay of the strand that the longest rup- 
ture of a t)l-wire rojie was never ujore than 11 inches, and many were not more than 
3A inches; some not over 2 inches. * * Metal tr) sustain a stress of tension can 

be had in any i|uantity that will sustain LMr»,(MH) jiounds to the s(|uare inch, and in 
lengths of 4.(M"M) feet without Joint. This is ultimate, of course, but sucl^mctal has 
an elastic linnl as high as L'(MI,000 pounds to the H<iuare inch. * *► " 
Yours, truly, 

Ei>WAi{i) AV. Skrkkix, 
Brcret Brigadier- Gentral, V. H, J'olunUcrs, 

Capt. Ei>. l^Tiiu, 

Corps Kmjinicrm, U. aS, Army. 



LETTKK OF MA J. J. W. REILLY, ORDNANCE DKrARTMEKT. 

W A TE I JTOWN A R SEXAI^ 

Water town, Ma^s., October 7.7, 1S94, 

8iu: In reply to your letter of the 4th, T have to say that some tests of steel wire, 
said to have been manufactured by liullivant i^ Co., Loudon. England, were made 
for Mr. Kflward W. ►Scrrell, C!. K., the tensile strength (»f whi«'h ranged from 20JI,S10 
to 241,:W)0 pounds per square inch, the average strength of 12 a^Vi^vKvssw^\i«vcv>j^'"ii;^v^'5^ 
}»ounds per square inch. 



36 

These wires were ftbont 0.16 iu(*h diameter. corresponiliD;; nearly to Xa 8. B. W. O. 

(Jtht-r tests un win* substautiaUy this nizi* havv been made ou metal of dooiestic 
mannfactnrcy the average tensile strength of *J4 spec i mens liein^r 23!.7Jl> ponuds per 
sr{nare inch, while the hi^^hesr and luwi'st ;;ave 2:{^.G10 .ind 2:22.('HJO poauds. respec- 
tively, per ^qnare inch. 

No pnblished re]xirt» of the>u te^ts have been made, at least none emanating froni 
this arst-nal. The n^ual manii2«eript report of the resnlts were furnished the parties 
for whr»ni tin- ti-sts were made. 

For the detailed resultM of the latter tests yon are r**spect!nlly referred to the 
Washburn «S^ Moen Mann fact nrin^ Company , WurooHter. Ma^8. 

Copies of the>e tests can bn had from tliis arsenal, but in each of ther^e case^ the 
tests were niaib* for private parties ami ]»aid fttr by them, and therefore the results, 
as in all .similar ca*«es, are considen>d as the pro]ierty of the parties defray in:; the 
cor>t of the teats, and rojMes uf the reports of the results wonld be subject to their 
ordei's. 

Kes|M.*ct fully, your obedient servant. 

.1. W. Kkili-Y, 
.yftrj'rr. Ordnamv Department, V, S. Armg, f'ommaMding. 

Capt. Edward Binu. 

Corpif of Kiigineert, Sorfoikj Va. 
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As this question of wind pre8.Hures is now nt true ting the attention of engineers 
more than ioriuorly, it is thuii^ht well to run over harftily rho liistory of past oxperi- 
meiits and pawt and jncsoiit literature on tlic ^cnonil nuhji^rt of tUiid motion against 
])]at(.>s and solids, givin;j; brief Hunuiiari(*H of the most important, sets of oxpuriincuta 
(and n!!])orts on the sanio) which mi<;lit bo desiraidy rcferroil to hy any one wiNhing 
to examine further and in <letail into 8ucli snhjoct. 

Since the accuracy of observations and also of <lrduc.tions tlierofrom do]»tMid ji^reatiy 
n])on the previous knowlcdp? of «)aeh experimenter or writ<'r. and also on the per- 
fection of the methods and a]>])aratuscni])loyed, it is quite import^nit to bear always 
in mind the dat^; of tlie experiment s or treatisi's. Ae<'or(lin>>;Iy tlu" folhi\vin>; list is 
here inserteil to Hhow apjiroxiinat'idy the dates of siieli of tlie prinei]ial ex|KTimentd 
or treatises jw may either bo referred to below or may bo met in consulting other 
works on this general subject: 



ExiH>rhucutiT or writt-r. 



Yiijir, 



Ex]K-i-imi'iiti>i' or writer. 



Tnr:ai:llo (biili: sties) 
IJni Im 






I ir 



Torici'lli. 



iluuKi' ip<-nihihiui iniriiiiinu-tiT) | 

Mnrinttu 

Nowtiiii 

Duuiol lk>rnoiulli (tliiiils iiml iMll.'HiirNi.l 

S. (rniVOrtMlnh" 

Lciipohl (gravity uii('iiio;iH'U:r.!ii(l tulio 

auenioiiuttvr) 

Kuhiiiit (HiiidR auil ballir^tirs) '■ 

irAIi'iiilK-rt 

Kuuiford (bnlliHlicsi 

Itoiuio iiikI Snieul on 

IMtot (tube ancTiio • i-U-r ) 

Bonii 



t>nia 

Liud (tubo aiioiuuinc't4.*r) . . 

liOHSIlt 

Dubuat 

( 'iiuloiiib 

Eilgowurtli 

Woltiiiiiiiii 

Hnttoii (Hu1(lr«, biilli.ttir.-*). 

Viiicc 

Plytelwcin , 

IJenwiiburjr 

Vciitur«»li , 

Sw*.'-<liH]| Ci>iiiiiii:(rii<>ii 

Itojiiiiuv 

Thibault 

liehBi-l , 

Ponwlt^t 

Sabine 

Diiohi-inin , 

JifllllK* 



His; 

17H-17:i-i 
17l.'.J 

17l>i 
1742-17SI 
17M-17.V.; 
1751 
17ri'.l 
17«i() 

17<;: 
177:. 

1777 
17.V1-17.' : 

17.S:I 17!»!> 

17>;:5 
Ks.'i l7;-0 
17S'5 l7'.io 
17!'--i 
l^ll 
IK- 'J 

ihi'.' i>ir» 

lii-2\ lt«'.4 

isj<; is.-.i 

J'<J7 I.--5I 

ih2.J-i«rj 
is:u 



W.nl 



I 



rii«bi-it. Mi>riii. ;iii«I Pidiini. at Mclz 

(tlilitK itixl li.ili^!irs) 

(»Nb-r (sjirin;; .iiii>iiMinieii-r) 

]iol>iii>o]i (rt)t:irv lup :iiioini>iiirti:r)... 
Stoko" 'trrfitJM'.j 

n«'li(> (ball: j»1 U'n) 

M.i.shf'Hi b ( ballist irs) 

Wniliain nm\ lJrii\,iiiii;:; 



H.'ipn 



I>iiiiraii()t ■ 

Kobiii^nn ! 

A. M. \\'tlliiiLM<-ii (rr.iii s) \ 

Litndoii Kiii;ii:«M'i in;; Mii I'jiy briil;;iv • 

('. Sliab'i' Suiitli mil In Id-jis) 

('niliii;>AV(M>d (on luid-es) 

Anirriraii S«M.'it'tv Civil ]''.ii<;iiircrrt (ou ; 

bri.ljics) ' 

Unwiii (111! ids) Encyclopi-ilia I'ritaii- 

iiira 



MailL^iid (ballistics) Kiu-yrbiiKMlia 

liril iUinira .' 

Krckiia^id 

StlM'llbarb 

Tbii'heii 

KriTi'l (atmu.sii!ii-n> 

Allen 

lla/cn 

Ablin (a)>p:ir.ilii.s) 

St. VcMiant 

Pini'M 

(.'n»8l»y 

l.!inj:hf.v 

KlTU'it 



Year. 



1d32 

1835-1 ft38 
1837 
1840 
185L 
1855 

18r^'i-1870 

18«7-]87J 

187a -1874 

lS7iUl878 

1878 

1878 

18811 

1880- 1^8i 

1880-1881 

1880-1881 

1880 

18A0 
1880 

1885 
188.'* 
1885 
1880 
1880 
18^ 
1M87 
1888 -1889 
18iH) 
]8<.U 
18U:) 



The usually recognized aiitlioiitics on wind pressures to-day in en;tineerin<; eon- 
struetion a]»i»earto be* ronreli-t in l'rjinr<', I'liwin in I'.nj^lMnd (^r arriole on Ilydro- 
nu'chanieH in last edition ol" Kneycloprdia l>rit:iniii( :n. and Shaler Smith («fr Pro- 
cecdingH Ameriean So«*iety Civil Kn^^inrrrs) in the rnife<l Statt-s. 

Our jroiu'ral theon-tii-al treat n)ent of ihe resist. i nee of ]»lates to the motion of 
Ilni«ls a«iainst them dates bark to the time of <ialileo, in I.MH>: bnl it was reserved 
to Sir Isaai* Newton to jrive them practical form, which he di<l in liis Principia, iu 
about 10^7, in terms whieli are«.'Xi)rcssed to-day by the general ibrmula 



V - 



p--(l a II -'.—ihi — , 

in w]ii<'h p Ih the ])rossiiri.' per unit of surface, d is the density of the Ihild, a is tho 
maximnni renisting area of the body in question, r is th<j velocity of r«?]ative nn)ve- 

r - 
nieut of the iluid. // is the eoenieii-nt of j-ravity and If-.,^. is the height riM|uired for 

■ ' 

gravity to give, to a freely falling boily the velocity r: the partitOes of tin- Iluid boinf; 
supposed purlectiy free to nn»ve past ea«h <»t.her in all ilircclions. This forniuls^ 
moililied so as to apply specially to nn)tionH through air, becomes ' 

0.(K)27 r , 



'Sit! A bite, p. 240, ^uniijil Ki'ixjrt Chief Signal Ollicir, U.S. Army, 1887, in part 2, vol, 4, Annna] 
'^j»ort Sccrvtury of War, 16ii7. 
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in which p is tlit* reHlHtauce in poniKls ]>er square foot of the exposed Hiirfaces, i Is 
thr. teui]>umtiire in (:(riiti,i;i'atle dc^rcvrt, /'is tlit* haromctrir ]nvH8iire at tlit* [ihice of 
ol>8evvutiou, /' I ii« thu liaroinelic [irt.*NHun: at sea level on the forty-lii'th parallel 
of hititiido wlieii the tfiiiperature in zero riMiti^rado, and r is the velocity of 
tliu tiiiid or Hiirface in niilrsi ]u>r hour. This sanie tunuiila, under teinpi>ru- 
Uu'fH of zcro; and baroniuti'ic pn'Sburcs of 8ca levi;l on the furt^'-Ui'th jKiralle], 

further n-duci's lo p^^K 0.0021 v-^^K.^r-.. r- in which A'^:1.0 Ih aoonntant introtluccd 

for<-oni]iarison of Newton's tln'orotical forninla with the later fonnnlii' of ]iractico 
and ex|)ei'inM-nt. In thiH latter icirnnila, the valut; of ;> must ho decreased ahout 1 
jier cent for eaeh 4.5 ' F. (each 2 J*- (.'.) in excess <d' tlu* freezin;^ point, lind must ho 
increased ahout 1 ]ier cent lor each 0.!W-ineh excess ofharonietric ]>reHsure aht»ve the 
normal of 27.TXi inches (lOO nnn.). with other minor corrections for latitude, hei^lit 
of ap]>aratns above sea level, and dryui-ss of air, at the place and time of experi- 
ment. The averaj^e conditions of harometcr and th(Tmom<.'ter in the middle of 
Kiirope :nid of the L'nited >5tat4^'S will tln'retV»re rt-qnire th<»se valutas to he di.'creased 
nbout 5 per cent in tine summer weather and iiicrea8cd about 10 per cent in cold 
winter storms. ' 

Since the days of Newton almost all invest i.i^a tors liavesoujicht by practical expi-ri- 
inents either to prove the above theoretical i'ornniia or toch'termine theexU'nt of tho 
ditferences between theory and prai-tice. Most of tin" dilferences so far proved have 
been merely those obtained by vuryin*; tho values *»r A', hjavinj; th«* formula other- 
wise unchanged. In the majority of casesof Hat surfaces normal to movin<;air, K has 
been found to be somi^where between 1.!$ and 1.8, the <;ain of trom ().!> to 0.8 bein;^ 
ascribed mainly to theetfctrts ot Ihe partial vacuum on tlie rear side of ])lates antl of 
fHdids exposed to tho pressure of moving tluids. In souh* tVrw eases, experiments 
have added a small constant, so as always to /^ive a nsult sli«;htly in excels of that 
called for by ;i— : A"0.0l)27r-, and in still other cases they have als<i added terms to 
express variations with tho tirst and third ])owers of the velocities, these formuhe 
then takin<; the jjeneral shape of p---A-[-/ic-\-f'r-'^J)i'^, in whieli .1./;. (.', and 7> 
remain constant for tlie same surface ami ditferent values of r. some e\])eriment<.*r8 
obtaining forunila* in which J and J) may be always zero, olliei's obtainin^ those in 
which JS ami I) nniy be /.ero, or .1 and H may be zero. In still other cases ex]ieri- 
nienterH have ad<led terms to indiirate a ehan«^e in the}iressure ]ier unit according to 
tlu' outline, or else to the size, of the [date. However, su<ii chan;;es are the excep- 
tions and not the rule, and their necessity e:in hardly be re;;arded as yet ))roven ; 
many of the^e chang(>s liavin;; been recently found due ]>artly or |ierha]is mainly to 
want of ]»roper allowance, for the errors or cunstants of the a]»}»aratuH or nu'thods 
used in the experiments. 

The following brief summaries will shi>w the ;;;eneral nature of tbe.-»o experiments, 
and their results, and will refer the reader to sueh printed reports and papei*s as 
might be of special interest to him, should he desire to go more fully into their 
examination. 

In 1711*, Kobins' experiments, with ]»ro.ji'ctiles ai high velocities. suggest<Ml to him 
the iib-a that the resislanee varie»l with an increasing ]K)wer of the velocity.- 

In IT'iU, a Mr. I{ouse, in a paper n^ad by .lohu Smeaton, =' submitted to tlic Koyal 
Society of Kngland a tabb: of wind ]iressnres based mainly u])on his own experi- 
ments with windmills, whose sails were mi>ved botlily througji the air by machintuy, 
the resistances being deductid from the weights which either moved the wheel, or 
were lifted by it, during varying velocities of movj-ineut. Smeatoii, in communi- 
cating the tables to the society, advise«l them that it« resistances for velocities over 
50 miles per hour did not sex'm as wellaiithenticated i\< for those of less than ."><) miles 
poT hour. This table, which has been quoted as authority in nunu'ious handbooks, 
t-ext-books, and the I'. S. Signal Srrvici' bot>ks. siuj-e then, gives results which may 
be detluced feu* any special velocity from the formula />- ().<K)1<,»L' I- or ;>-....>,',, r-' 
(usually quotejl for easy us»? as /> - .'/i ■ t' ■).. this being deducible from the Nt^wtoniau 
formula by making A'--- l.«2. 

In 17iS7-8'<, liutton. in Knglaud, nuide sonu) ex]>eriments » with thin [dates of 4 by 

181'* cos (I 
8 inches, on whirling tables, from whi(;h he deduced the value sin a ' ' ' ' for 

the ratio of the resistance (parallel to the motion) of thin inclined [dates to that of 

similar plate's turned normally to the direction of the motion, a being the an]>:le 

between the [date and the direction of tin? niwtion. This formula gives values as 

follows: 1.00 fur JK) -. O.iHJ tbr «0 ', n.'MJ for "n , n.S7 for t>U , 0.72 for .'lO , 0.52 for 10-^. 

0.33 for 30-', O.U) for 20', and 0.05 for in . (For values of [iressures nonual tti the 

moving [date or normal to the direction of motion, see farther on, under head of 

Kncyclopedia Hritannica, l^<80.) 

'Sco Maitliixi<], ill article on <:num>rv iieKiiry. r«ril>iiiiiira. 

•For nunimnry. HOi* jip. 17;j-I7fJ. iiriii-Ie liy !•'. ('nlliiexwrtiMl. in vol. 10. Tr.vu*. 5WVW.VVJ.W.V* .'ViAv«"S^'k:^, 
i881:nnil f?ill .irtirle. •»••« 'L'r.iiii:Mtii»ns litis ;il Sofv»\v. V.u-aVawA. Vi NV.vs a\\^ \\ »\\\wv^ . XT-^^i . >» .,, 

».*4©o Ihirhim'm. /». 'JIO, vol. 5. SUm. il Arlilbvu-. \svi. vi\»o V \\vi\\\,\\xV.\v\vi \VsvVcvANwvVvvv\v*>YL.\^.v-i- 
BritADuica, 1680; also Lan^hiv, p. 63, No. 801, SiuUh. CouU., \^*i\. 
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His t'xporimonts with projcrtiles inulrr liij^li velocities snggestecl to him a for- 
mula lor noniinl reHislanco of tlio loriii of ji=Ar + Br*; in which A and B wore 
constuntK.'- 

Ill about ITUKSanuiol Viiioe"^ made a series ofexperimeiite an to the resititanees of 
ditVt»reiit siirfarfs to motion tliron^jfh waler. usin;!; varioiiH plane and cnrvcd surfaces 
<if about L inch K(|iinre area, moving in cireleH of 7.57 inches radius on the barn of a 
small whirlini^ talde; the table beiujjj turned by a pair of equal weights pulling in 
ojjpoHite dii(M:lioii8 on two cords wound around a vertical drum* on the vertical 
axis of rotation of the wbirling table. His results sbowed that in water and on 
whirling taldcs tlie resistances of surfaces in directions normal to their motion was 
closely i)roiiortioual to tlie scjuare of their velocity: that when the plane surfaces 
were inclined to the direetitm of tlieir motion, tlie resistance in the direction of 
tbt; motion varied semewhero between the sine and the sin - of the angle of its inclina- 
tion such that, the resistance at yO being taken l.rK), that at 80^ would be about 
0.!)7, 70^ about O.JL', (10 about 0.81 , no about ().(w, 10 ■ about 0.52, 30° about 0.33. 20^ 
about 0. If), audio about 0.05: and that the resistance otlered by the convex front 
of a be!ni*4]diere was only about 0.4 tinics tluit of its llat base front. 

In IH2H Thibault also, experimcntetl with thin ])lates moved normally to their 
Bnrfaees;'' iisiii^ a whirling table of about 1.5 feet radius, velocities of from 1 to 22 
miles per hour, and ]dates of from 0.5 to 1.00 feet srpiare. His results gave formnhe 
similar to tlio.se of Xewt«»n, e\cept that A' varied from 1.G6 to 1.90; being larger for 
the Iarg<>r ]dati's and also for those having their lon;.;er sides placed parallel to 
the radius of tlie whirling table. 

In about l82:)('ol. Ihicheniiu. in France, made some valuable original experiments 
and investigations on the laws oL* resistance of tluids, those re.sults being published 
in 1S42. In his published article" be reviews the ]»r<»gress of similar investigations 
up to that time, veferrinir to the ex])eriments of Bernouilli in 1738, Kouso m 1759, 
Borda in 17(;:J-'(J7, Dubii.itin 1780, (N.ulomb in 1780-'90, Ilutton in 1788, Saranel Vinee 
in 17J*8. Ventnroli in is.js. Thibault in 1820. antl a dozen other investigators prior 
tohimstdf. 'riieseiixperiuicnts wenMuade with all kinds of ai^paratus — falling bodies, 
swinging iwiidulums, whirling table8..t.owage. and exposure to currents — but the 
velocities I'arely <xcee(led 20 miles per hour. 

In this article he shows especially that, jjs to resistances, the air acts almost iden- 
tically :js do wat^?r an«I other tiuids, due re;xard being made for its less density 
an«f freer lluidity ; that the resistance of thin pl.atcs to biding moved against fluids is 
(uily 0.02 of the ]uesNure on their front surface, and only 0.67 of the pressure upon 
them when liehl still against the inovinij lluid; that the resistance of cylinders held 
end on to the direi:ti<jn «)f the motioiv, if three times as long as their diameter, isonly 
O.OlJof that of their fioiit; face, beingihesame whetherthey or the fluid bo in motion, 
hut if short^sr than thiee diameters, their resistances vary with this shortness, and 
are much greater when the water is in motion than wOien the cylinder is in motion, 
so that for cylinders so short as to 1m^ calh'd thin plates the resistance is 0.932 of that 
of their front facr when tlu* water is in nndion, and only 0.627 of that of the front 
face when the plate In- inov»Ml against the water; that similarly shaped surfaces 
mov<*d with diiferent vel«Miiies ijxert resistances closely ]>roportional to the sqnare 
of the velocities, to tlie densities of the iiuid, and to the area of the surfaces; that 
these resistances are. much allected by the shape of the front surface and a little by 
its size and outlin<>, and, in the sam<' way, th<Migh less, by the rear surface of the 
body or plate moved; that whirling taldes (on account of the centrifugal forces 
brought int<» action) gave resistances much greater'^ than those obtained by tho 
rei'tilinear luovenicnt of surfaces, this increase bt?ing the. greater as the surfaces were 
larger and tin- dianu-ter of the whirling tal)le smaller; that small surfaces gave 
slightly greater resistances ]>er unit of surface than similarly shai)ed large surfac^ds; 
that le.'ul bulh-ts. by delorniation or through other causes at high velocities of 15 to 
900 miles i»er hour, gave results far in excess of the true resistances;** and that 
inclined surfacfs gave resistances whi<di were consi<lerably in ex<*ess of the product 
of the pressure on n»)n-inclined .-.urfaces by the sine of the angle of inclination. 

The most inipjiitant hiws thus biouirht out by Duchemin are expressed by him in 
forniuhe which, after reduction io Knglish measures, read as fidlows: For ordinary 

air pressures mi thin stationary plates,'" ^>i=0.00942 »- = ■-■, (i> being the pressure 

md\.ftJ 

in jKunnls avoirdupois ])er sqnare foot, and r the velocity in miles per hour), this 
being the Newtonian formula. exee]>t that A* ^=1.82; for pressures on circular and 

" F«»r itinis, ki>o Dui-Iicmin, t»ii.'JI4 :iut\ 2!G, vol. 5 of Mi'inorial d'Artlllerie 1812, and Abbe, p. 234, as 
abuvn: and tor lull jjrtirlf mr rliiIofi.i]iliii>;d Tr:iiiH:irtioii5. 1798. 
'■Si'»- Al)ln', ^». liMl. ;»•» ;>bii\»». 
' .Sm- pp. Uj-iisi'. Memorial dArtilk'iU', vol.5, 1812. 

^Sfu- jK 27t>, snmo, 
'"Hc'i' pp. Joo-'JO'J, Bam^ 
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triangnlnr flat thin plates, practically the huiiic resnlts as for sqnnve phit<ia; fov nir 

preasures on inclined flat thin plates »=0.0Oil)2 v- " ^"!' " for the pressure paral- 
'^ 1-f-Rin a 

lei to the windy 0.00492 r- " "^" ^ **^* ^ for lifting; or depro&sin^ prossnrea p<'r])cndic- 

1 -j-sm"' a 

ular to the wind, and 0.00492 t* ,"'*."''- for prcssnrefl normal to tin- surface," a in 

l-i-»iii- a 

each case hcinjftlie an^^lc hctwocn t\u\ wind and the nnrface (for values for each l(^', 

Hec farther on nnder head of Enryrh»pedia Britannica. 1S80); for 8ph<-rica)-1ieadcMl 

snrfacea,'' 0.4, and cylindrical headed,'-' 0.(J, of the ])re88iire on tlat ])lat.e8 of the 

Banie diameter; for conical and wed^e-headcd surfaces pointed at the \vin<l/=' ji'-= 

0.00492 F sin* i, in which i is the angle hetween the winti and the eonical surfaee or 

between the wind and the sides of the wedge: and for Brationary llat-headed hnt 

Bolid cylindrical bodies,'* less ])re8sure» amounting to 80, 7U, and 71 per « cut of the 

]ires8nre <m thin flat ]datcK, aecording as tiie length of the solid l)odies w:i8 I, 2, and 

8 or more times their front diameters. 

Dncbemin also refers, as with imjMirtance, to the sn])])osition flrst atlvanccd hy 
d'Aleml>ert "^ in ahout 17r>(), and afterwani <levrloped nioiwfnlly hy Diihnat in iibont 
1780, that plates and solid bodies in moving fhiids, and (ss}ie('ia]ly nnder high veloci- 
ties, act as if they were partly prote<'ted in front hy a false prow maile np of com- 
pressed articles of the ihiid itself. '-'^ 

In 183f5-'38 a commission of French ollictM*8, compf)Scd of Piohert, Morin, and 
Didion, made at Metz a series of experiments'" with whirling taldes. falling hodioi, 
and flying bullets, throngh both nir and water, at both low an<l high velocities. 

Their resnlts set-nied t<» indicate a pressure slightly in excess of that duo t<» the 
sqnare of the velocity, and gave a formula '* fi>r thin flat ])lates ex]>os<Ml to air ])res- 
snres p = 0.0073 + O.tHKil r- (p in pounds and r in miles per honr); which, however, 
at velocities of over 10 miles per hour retnrn<Ml pra<*tically to tht» old Nowt«»nian 
formula, except that A' =.- 1.25. Amongst other results they found for wedge-headed 

projectiles"' the pressure c<inal to that on flat h<;ads multiplied by \ in which a is 

•"/ 

tJjc angle between the wedge surface and tlu» direction of the motion ; for parachutes ••• 

whose height was {).\\ their diameter, a ]nessure in ordinary position 1.9 times, 

and up-side down 0.77 tinies^ that on tlat ])1ates of the same diameter; and for spheres-'" 

<nily 0.15, for enhrs 0.<i5, and for long eyliinli rs O.SO times the pressures on thin disks 

of the same diameters. 

Later ex])eriments with projectiles in 1840 suggested to Diditui the usefulness for 
normal resist^uices at high velocities ctf a formula ;>^:^ Av'-{-Iiv\ in which A and B 
were eonstants.'- 

The r. 8. Ordnance Manual (18151)-' gives for the then standard formula for thercsist- 

nnce of air to i)rojcctilcs a Fremrh formula of p:i-= 0.001 1 r* ( ^ + . .» '' ) ^or spherical 

projectiles, which wonld, by inference, give p --0.0022 r* ( 1 -f -^t^.^ r ) for flat-headed 

projectiles, in which p is in ]>ounds ])er square foot and r in mih's per hour; this lat- 
ter formula for flat-heads being the Newtonian formula, in which A'^=r. 1 for velo<'i- 
ties of 22 miles per hour, K- - 1.25 lor 51 miles velocity. yi" = l.50 for 10<) miles velocity, 
and A'=l. 80 for 1;K) miles velocity. The main diiVcrenco between this formula and 
others is therefore that it gives for low velocitii's a less ])rt'ssun! than is deduced from 
the mass of experiments with low veloj'itics, lea ves the ]>rcssure at vt'locities between 
100 and 1!I0 miles approximately those of the other most usual fornnibe, and gives 
rapi«ily increasing ])ressures for Velocities of over i;»0 miles. 

in 18()1 llelie. from ex]>eriments with ]»roj<?ctile8, ecmcbuled that the normal resist- 
ance at high velo<Mties was hcst exjiressed by a formula of the form of p ^: J r =, in 
which A was a constant.- 

In 18(».'>-1870 Bashtbrth, from experiments with projectiles, concluded that the nor- 
mal resistance at high veloeities was best expressed by the forninlap-= Jr- up to 

» Soe p. LM:J. Memorial a'Artillerie. vol. 5, 1SJ2. 

" S«Mj II. i':<7. same. 

" S<e pp. LMH-'J.-.3. 8anie. 

'* Si'ft ]!. 7fi, Haiiie. 

•• S«.'c j). X\(i. 8«nie. Thirt idea Ims b«H'ii HtnMi«rthei)e<l in tlic Inst iV-w yrais l»y tlie apponranro of the 
w.ivi'H of oi>iiii>n'KMion in uir in Inmt of living lniUi'ts. as hIiow ii In n-n'nt inBliinlancimH jilioto;;:rapiid 
of Biicli hnllf'tH. 

" For full di^tailH. floe pp. 553-632, same; ami pp. 1{>1-'JQ'2, vol 7 (1852) of the Mi;uiorial d'Artlllerio. 

" ^rt- p. '2'\K vol. 7, Hanie. 

"• Stt' p. 291.Ramo. 

>v S(K^ II. 280, oanie. 

'^Seo p. 2^(7. same. 

«> iSee p. 482. 
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■ 

valnoH of t? =1,100 fi?et. ]>er seoond (about 750 mili^n jior hour) ; then hy p = Br* np to 
valufs of r— l.'r»0 feet \u'Y sfcund (nliout \^'M) iiiik's j>or hour), and their Uy p=L, Cc^ 
for hi;^h(.'r volocities, in ^^ili^)l .1, //, and (.' wvnt couHtauts. Moilern ba]Ii;itic8 iu 
En^rland are still (18!U) hasi-d ui»on Ihesc foriuuhi'.- 

lu lsf)7-ls70 >Wiihani ami Ilrownin;: made souio experiuientrt for th<' London Aero- 
nnuticjil Society with ])lutcs of 1 to 2 tVot sipiare, phioed in a wind blast issuin;; fiinii 
an 18-ineh Htpiavc i>ii»e under a (•.»} to 1 ineh water pressure.-' Their ex|)erinientK 
teuiied to coniirui Ducheniiu's formula for normal, ]iarallel, and lateral prcHsuren ou 
ineliued thin plates. 

lu IS7S A. M. \Velliu«iton. at or near Cleveland, Ohio, ni:tde au extensive set of 
ex|u'riment8-"* w itli locomotives, j-ar*, and difiVrrnt ^ra<l'*s or slopes of railioad tra<'k, 
in ortler to determiiM' all the vari'ius rcsistanreM to tin* li:Mila;^e of trains, makiiiji^ nsu 
of t lie dro]) test— that is, stMnin«j: tlit* <"MrK from a state of r«'si on a known ^rndc und 
<ledn«'iii;X ^^^^^ resistances from the velociti(?s actiuirefl. Tin- passage of the trains past 
elevon ditVerent points was note<l by eleiuii'it.v to within one-twentioth of a Hoeond, 
the (•\])erim('nts covj-rinj; velocities fnmi to SO miles pi?r lu>ur. 

JSo far 118 the air resistances were concerned, the results of these experiuientM were 

1 
toshowthat lor veh)cities<d* 10miles]>erhoury> islessthan - j^j V' (less thi»n0.00lK) r-) 

for the combined head resistance and tail suction of a train whose cross sectiou was 

10x14 -- 140 square feet, and ^ms h-ss than .-.^j »'^ (less than 0.<.KX)l33r-) for the com- 
bined side and end resistanct! of each su<ci'cdin«r car, ihe jirajis between the ends of two 
adjaeent car bodies beini^r* feet — ;; iu tlie.^e formula- boin^ the resistance of the uir 
in pounds ]>er »<|Uare foot, and r the velocity iu miles i»er hour — so that the forniulu 
lieeonifrt that of Newton iu whieh /i — 0.71. 

In i1m'S«' rxperiments he also discovered that fully half tint previously rc^ported air 
ri'sistanco in such cases was not really iUw to air ]>rcssures, but was due to the elfoi^ts 
of oscillation and coucuMsinn between the various individual }iarts com^Kisinjr the 
entire train. The remarks of Mr. Welliuixton j^ive rise to the iufi-reuce that similar 
friction. oHcilhition. an<l concussion in whirlin;^ tables and other apparatus may bo 
the cause of the hifrh values of the constants deduced from such past experiments. 
This su;rjrestion, moreover, is evidently iu accord with conclusions of many other 
investigators. 

lu about 1S8(>-*S1, just after the fall of the Tay bridge, the matter of wind pres- 
sures naturally attracteil the special attcnti(Ui of bridjje engiueei"s of Kntfland rs 
well as of the Tinted Slati-s, and the Lomlon Enj^ineering of lSi>(^-'81 contains very 
numerous articles and discourses on this subject with spe<ial reference to its rela- 
tion to bridges and idher en«iiueeriug structures. Tln*s<' articles are too nuuierous 
to itemize, but tlieir most imjiortant teatures an* the wide diver;i^eucie8 of opinion 
between en;;ineers both as to the amount of such ]uvssures, the allowance to be made 
for them, and the methods of calculating the supposably exiiosed surfaces of the 
structures. 

L*]-obably the most valuabb* part of these discussions is the recouuuendation of the 
Tay bridge commission of lSXi.-» which may be brieJly stati-d as follows: On solid 
girder bri<lges an allowam-e of oG ]»ounds p**rs«|uarc foot over all the girder (and 
also over as much of a train as may rise above the girders); ami <m open or lattice 
girders au allowance of 51) ]»ounds i)er s(|uare foot owv t\w train and over the actual 
area of inmwork of so much of the windward girder as X)roiects above «ir below the 
train, and also an allowance of i^S, 42, or .5() ])()unds per s(|uare foot over the actual 
area id" the ironwork of the like ])ro.jecling ])ortions <d" the leeward «:;irder, accord- 
ing IK the open spaee.M of this leeward girder form h'ss than two-thirds, from two- 
thirds to three-fourths, or <»ver three-fourths, respiMtivcly. of the total area of the 
out line of the girder. The lactor of safety agsiinsr su«'h i»rcssiires slif>uld be 4 against 
tension and compression and L' against overturning. The same ctunmittee also 
stated their ojuiiion •■^ that the i>ressures to be expected from wiuds of any given 

locality might very nearly be express<?d by the formula p ... r', in which j) is iu 

])ound8 pJ'r sipiare foot, and r is in miles per hour as given by the usual <"up vehnity 
anemometer records of that local itv. 

In IXSO Messrs. A. Welch, C. Shalcr Smith, and V. ('ollin;;woo<l read ]iapers up(»n 
the general subject of wind pressures before tin' American Society of Civil JOngi- 
neers," anil Mr. Smith submitttul a summary of his persor.:;! observations of thu 

-^rin\in. I'liry. Hritniiiiioi. ISSO. .irticlc ICydroniccliiiiiii-ri: uImo p. LMI. Abbe on Mclcon^lojrlcnl 
A])|>:ira(ii.'<. 1S<7: also Auinial Ili'port Lnmlim Aeronautical Sm.. l^'l. 

2«S«.. pp. 4»:;.:.1S..VJ-J.;uul «>II. Uailway Locution, A. M. Wellin^iton: ami ft>: fidl aitirle.H.-*' Trans- 
Actions Am. Soc. (.'. K., l"'«l».. IrfTW. 

'''* Si-o lliOT, Stn-sMoi* in nriil;:o and Roof TruHS«'», p. 'MMi; ami Fidlcr, Uridjjij (.'•aiHtrdclion, p. 4lfi. 

*» .nVy? /fttrr. p. .'{70. 
«'St.-v pp. mil 400, vol. P, Oct., ISUO, uuU pp. 130 to I8ti, \«A.1V). o« Iklux A**\.'Vtvlu*. Kuv.'!iA».CAv\V 
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force and action of wind niidtoriindoiti u; (ni 1irid<r<'sniid Htnirtim's. adding n state- 
ment of tlio nilcA I'ollowcd liy liiiu in liis own l.iid^r iM-actii-r. Thesi' ])a)iri-s. with 
their discussion iM-foro tin* sork-tv. jx'vo tli»* H'iisihih lor tiio ])r«'8<'iit id«»:is and ]»rar- 
tico of Anieri<.-an ]»rid«jfe onj^iiii-ois. i'lic iiu)«*t ini)M)itani fiMtiin'soi'tlit'sc pajioisaio 
tlie many dcNcriptioiis by cyrwilm sscs ni" \hv loii «? and vImU'ih'** of tin* win-l ig a<fii- 
ally overt uni in;; lionhes. water tanks. l»ricl«^(s. :(hd(rvi*n loconuxives, ilii>siii.ill wiiltli 
of tlie patli of most violent a«'tion, ilu* vary inn itl»-as of the jin-ssarj- nrtnally nee- 
esHary to prodnre these results, ami \\w praeliral rnleN sul»niit!e<l 1»\ Mr. >n)itli as 
to what ho deems neeessary alU»\vanees lor wiiul jiressun-.s. 

'i'lie most viohMit retrords of wind forrc? tliiis ;^ivrn were the bh)win;; di>wn oi' 
three bridges (lielween ]f<{'A) and ls«(») nt. roi!i]iuli'(l jni'SNiirtsof from IH in "J? ])OMn<ls 
l»er Hquare foot; several eases of t lain tl<'railnieni al rj»m]Mtt<'d ]»ressuri's of :}0.ri 
poundH per sqinire foot; tiie de>lrn<-tiou of brie.U iionses at compntrd ];r('ssnres of 
from 5y toS4 ]K)nnds per stpiare font; the o\ er:nrnin«:of a ])arri'I of tar at a eonifMited 
]irc*SHure of 52 ])onnds ]ut .square loot : the ov-i t ninin;^ of ;i locouiotivcat a e<»m|inte»l 
piessure of !)3 pounds ]mt s<|narr loot: tiie lilting; of a ]iiano. iians)Hirtii);; it L'TO 
I'eut, and then re])la(nn;r itoniisted without a|iii:irent injury: tlie burst in;; ot houses 
liy bhiwin;j^ outward their ends and sities. and thi' iierfoiation oj' a half-ineli ]>in(^ 
board (ori;iinally lh«* side of a dwtdlin;; liousr; by nlieat straw Ihiny; aj;ainst it fud 
lirst (by a Wiseonsin toinaih».). 

As to the npward tenibiwy id' tlie wind thron;;h the bottom «d" th<- bridiri-. euou«rh 
evidence was prt'sented to Nu«^;;rsr th<* (briiUd aii\ isalnlit.v of not niakin<r tin- !ioor- 
ing eontinuous unUrss so h'lt as 1o be easily ri]«]ud U]» by the wind witli«uit danuige 
to the rest of the brid;;«". 

Ab to the actuullv obst-rv«<<l vtdoeitv an<l fone of the wiml, as nuasured bv ane- 
nionieterM, the dismssion l»rou«;]it out Uk* rer<u«ls of the l>idstou Ob.srrvatory iH'ar 
Livel^)ool, Kn;;hind, showing isohiti'd ea-rs of !»i? mihs tot;iI vtloeity in a single 
lionr an«l HO pounds ptr square foot niaxiunnu ]»r<'>>ur«" in \f^:'^H, H'2 miles veiority 
and (m )»ounds pres.sur«» in 1870, 7J* miles vflo«i?y and i'n pounds j)ressure in bs71, 
HI miles velocity and 70 ptuinds pr»>r.ur«' in Is7.">. M) mil«rs vehnity an<l ih\ ]>ounds 
jiressui'e in 1S77, and r»H miles \ilo;Miy and 'A^ pounds pri'ssurc in 1S70; tlie veloc- 
ities being measured by K'obinson cuiiaueuioiiicicrs i giving only t he totals per hiuir), 
and the pressun-s bring measuivd by Osier sjuing-pressuri' ruieiuiHin'ters (giving 
niaximnm and not average pri'-surei; but. it wa> also st:iiejl by a resitlrnl of th:ii 
phiee that these veloriti«'s ami jirrssans mu-.t havo luMrn of limiti'd exifui and dura- 
tion, as no h<»uses nor ears luu* fn-ighl tnieks appeareil to have been blown over or 
damaged by tlu-se winds.-' 

As reganls the rlestru«tion of the Tay britlgo, llu- disiussions .>h<»w that th<' l.cui- 
dou Engineering of .lannary 2, 1S>0. rompnting the ex]»o>»*d surfao<'s of the bridgi-as 
being that of the windwaid girder, plus that of the train, plus also 0.5 that of the leu 
ginlor, <ledueed a ptissible jin-h-^ure «>f the wind of from only 11',.* to MO pounds and 
ex]>reKsed the belief that the maximum jnc-sure did not exceed 2,%."* ])ounds. 
Otlier.s, l)asing their romputations on the nou de>tiuetion of tin* .idiaei-nt signal 
b<»xe8, et<'., dedueed l>re^.^ure^ of fmni h") to W pounds, i'he (h.nbtfulne.ss <»f deilue- 
tiomj from the exjmsr-d wurfaees <»f the ))! idm* iM eviiUriil howevt r from the faet that 
HMch au^fae^^ as mea>ur(>d by C. Mialer Smith aerording to his Ameri<:in rules, was ' 
2,570 winare feet sigainsi only ^iJ* hcjuare bet as measured l»y I'.nglish engimer.**. »>r 
a8 3.2 to 1; ho that delinile lesulLs and ae<ord e:in iMtt be expeeted nnless the vari- 
onH com putCiD will agree better as to wliat eonstitut<'S t)ie so-e:illed exposed snifaet* 
of a bridjL^e. 

As to the width of path of the greate>t n iolenee oi' tnrn;nlnes. Mr. Smitli. having 
followed up Ihe path of several eyrlones. loiind bul one i .i.si- wlien- Oi.' feet widlh \v;is 
not suOirient t«» eov<'r tin? i>atliway within wbieh the ((imputeil ]jn>Mires exeeeOed 
30 ]»ounds per .sr|nare t"oot : a::d niim<-ious inslam e.- wi-ie i:iven !•> others ti» show 
that in their o]>ini(ui even thir li'sI.s oi both (udinarv and m \ ih; wij. ds were of verv 
limited reaeh in side tlireetions. Miiie«>v<r, ji t \ilone wiio.^.e renter iieiuallv ero.-sed 
a 320-Ieet-length Npan of milro.id luidge, sli(JN\iug niaximum pre^siirts of al lea.st ."»2 
])onnd8 ])er si|uare foot at tuie pnini on the bi iil^e Mud .^ ! ]iouii<'>s ]>er S4|uare foot 
ol8t'!whe^^ did not destroy thi.-^ >j>;in, :illh<niL:h ilp> w iiul branng h:id been built by 
Mr. Smith with allowane»'.s ot'eidx !><']Hiniids p»r siiiiare f(»ot ot*ex]>o.-.ed snrface :ind 
a strain of 20.n(jo pounds p<'r .s«jMiire ineti on the bi;iees. 

However, the mo.st imporiani ti-ntuie. of the-e ]i:ipers is tin set (d' euipiiieal lules 
U8e<l bj' Mr. Sjnith in dimensioning wind Inaeing on hij;li and e\po.>ed bii.lges, 
wliieli may be bri<-ll\ slated as follows: Spans must be propoitioned to .*<tand a hori- 
zontnl wind ]>ressur<' of either :i(i ]i<<unils per Mpiare foot on both sirm tnr4- :ind train, 
or else 50 pounds cui the strueture alone, u>ing whiebever of these ]>iessur<'S is tlm 
greatest. In measniin;; the strueiure. both tru.-ses an* to !»*• m-. Msured, using 
1.5 times the front surface of lies. 2 times that of ehords. and 1 tinu* that of the 

" S4M' Inter oil, ns to 40 ptr «i'iil n«li:( l icii.-* lo l'« ;!^iplii I'l to lln suv.vW vVaVv-vw'^svwv* \vv\>\'\^\v> ^:S's«e» 
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ntlipr pnrtfl of tlio trnaM: nnA tlic train is to he considered m a continnona fVont of 

10 iVot boiglit over its full length. Tlit^ Iruiii preHsnre Ib moroovor to be treated as 
n moving «)r live loud and tlio trnsii pn'ssuros as «lcad loads. 8tro68ee are to liiive a 
factor of safety of 4. 14ers arc to Y>e ])ro))ortionod in t)i» same ;;:eneral way as spans, 
rxi'opt that they shall he ^iveu a haso hroad enough to ]>revcnt any tension Rtrains 
in their colnnniH. If the l)ridgo is on a curve, the H]>ans and ])ierH ninst be propor- 
tioned to stand a centrifugal force due to the niaxiniuni load moving at 40 miles ]»er 
hour, in addition to the wind strains. In addition to all the abovo, an allowance 
of 10,(HH) ]>onnds in caeli nicnilier must he made to ])rovide for the initial stress pro- 
dnced in screwing up rods during the linal adjustment of the bra<*ing. 

In support of the above views Mr. Smith and others ex])res8ed opinions that 30 
]»o(inds per foot wind ])res8ure rarely if ever extended over more than 60 feet con- 
tinutms horizontal length at one time and place; that even this wind was hut rarely 
directed squarely against the side of a bridge; that in the case of at least one bridge 
h<> has assiired himself of the whole bridge having received as much as 1.8 times the 
wind pressure on 1 truss; that as fully loaded passenger and freight trains would 
leave the track at pressures of 81 an<l 06 pounds ]»er square foot, and as then the 
bri<lgo would be destr(>yed by derailment, it was useless to protect it against heavier 
])res8ures under train loading; that with no t^'usion in the piers nnder 30 pounds 
wind pntssnre the ]>icrs would sai'ely stand all excess pressure that might come upon 
it; antl that even if the bridge were overstrained occasionally U>y wind pressures 
such eases would be so rare and the fatigue of metal so slight that the material 
resisting this strain would not be seriously injured. 

The new edition of Kncyclo]»edia Britannica (in vol. 12, published about 1880) 
contains an article on hydromechanics, by Tnwiu and Gieeuhill, which may fairly 
be reg.Mrded as re])rescnting Knglish ideas of that date. 

In this tbe relations of j»ressure and velocity are given by the Newtonian formula, 
with A' =l.lHor phites moving in still air or water, and A' ^^1.8 for water or air 
uKiving against still idates. 

The pressure of horizontally-moving air on thin inclined ]dates is stated at either 

11 ^.V (sin a) ^•^*- ^^^ ^' according to Hutton, or as /f :i. /' _?-"J.?: f*, L = P 

1-f-Hin-o 

" ■"*"* ^ * ^'^ ^^ mid y^_/> - ^*"^ '* , according to Duchemin, in which ^ is the horizon- 
1 -\- siu'a 1 +sni-/( 

tal resistance, L is the lateral resistance (or resistance to lifting or sinking); 
A'-^ "v/ A ■ + ^^* i^ tlie normal resistance. /' is the pressure on the same plane when 
normal to the motion of the air, andt/ is the angbi between the wind ami the inclined 
snrlaec. (See also Hutton-* and Duchemin.") From i>uchemin*H formula for H. the 
])rcssures. parallel to the wind, bec<mie l.(H) for 90^ , OM) for 80 , 0.94 for 70^, OM for 
0()-, 0.74 for r>() , O.r.9 for 40 . 0.40 for :J(H, 0.21 for 20-', and 0.06 for 10-^. From 
Duchemin's formula for .V, the pressures, normal to the inclined plat«, become: 1.00 
for Oj>, so, or Hh\ O.W tor t;o , 0.1»7 for 50^, 0.91 for 40 ■, 0.80 f«»r 30 -, O.tJl for 20^, and 
0.:>1 for 10''. Frcun Dutdiemin's fonnula for L, the lateral (lifting, depressing, or 
side moving) ]>ressures normal to the wind bec«)me: 0.00 for lH)^(\vi»ere the pianola 
normal to the wind), 0.17 for 80 , O.'M for 70 , 0.50 for GO', 0.62 for 50^, 0.70 for 40^, 
0.70 for :My-\ tJ.ns tor 20 , OAVA for 10 ^ and OaM) for ()-> (where- the plane is parallel to 
the wind). For angles of t'rom 90- to 50 • the Hutton and Duchemin formula; for II, 
X, and L give results in acconl with each other to within 0.02. 

In 1885, William Fernd, of the ofhce of the Chief Signal Otlicer, U. S. Armv, pre- 
])ared an extensive n-povt -" (ui mete«)rology in general, based upon meteorofogieai 
res<'arch and <d)servationa from all over the world during the preceding twenty-tivc 
yi'ars. giving a thorough theoretical discussion of the whole subject of atmospheric 
con«litions and movements, together with nuiuy practical illustrations. The chap- 
ters on cychmes and tornadoes cr>ntiiin much matter of special int^^rest to the subject 
of wind ]uessures in general. Numerous bildiographical references make the re]Kirt 
of nineh additional value to those studying this subject. Amongst other things^ the 
tb]h)wing of his statements are specially interesting in connection with our present 
investigation : 

The Ufirmal atmospheric pressure being 14.7 pounds per sijuarc inch, or over 2,100 
pounds p«'r scpiare foot, it is not surprising that small ditferences of barometric 
pn's.siir(?s may cause winds of high velocities and great pressures. If the baronietrio 
]iiexsnre in a tornado be 3 incln^s below the general ]>rea8ure (which has sometimes 
\»cen the onse in the past) the resulting wind may have a velocity of over 3(K) miles 
per hour and a piessnre of over 240 poun<ls ])er square foot. Moreover, if the center 
of such a tornado passed suddenly over a building with closed windows and doors, 
the sudden expansion of the air in the building due to this 3 inches dilVerences of 
barometric pressure ndght rea<'h 211 pounds i)er square foot of surface. ]>lenty enough 
to blow cellar doors fnun their fasttuiings, blow out windows and ordinary doors, 

** Siw Fvrrvl, pp. 1-443, part 2, vol. 4, Annual JJi'iMirt St'crotary of War, 1885. 
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bnrst out walls, blow up roofs, and wreok Iniildin^H >;onora11y. as is known iR'tnally 
to have been done. Such an exaiiipl(> hh thin in by uo moiins :<u cxtmiK' HupjioMiiioii, 
for it is possible for the dltterencLvs of Imrometric jiresHurcs in tornrnlot^H to hv. f wico 
as much as this and even nior«?. In tht; irroiit storm of .lannary 2(!. 1sk4. in Scotl.'ind, 
a reading of the barometer near Crielf hhowed only 27.222 indirs"^' \v]ien reduced to 
sea level, and in thi« case the difit'iente nf luiromctric pn-ssurrs briwoen its irnter 
and some points within the areu of the Ktorin muNt have been at loa^^ 3 iuciies. In 
the hurricane of January' 21, 1^<H8, alm> in Scotland, baroiiitrtrlc cd>.^t rvations at Aber- 
deen and Oullo4leu Khowed an aetnal difference of 1 inch in VSx milo'i, acconntin;; 
easily for extended wind disturbances witii velocities of from 71 to iKJ miles.-'" These 
two actually obnervcd caKea are merely cases of cyelnnes or severe but general 
storms extending; over lar^e areas. In the eases of tornadoes, wiiich are more local 
and at the same time moresovere within tlK'ir smaller area, these ditleieiict's of barom- 
etric ]>resHure, and the conseipient \vin<l velo<"ities and wind j)resMnes may he very 
much greater. In GOO tornadoes observed in the l.'nited States (see Prolessional Papers 
N*». 7, U. S. Signal Service, by I'inley), the wi<lth of Iht^ ]Kith of (h'Struction, bup- 
pi»sed to measure t)ie disturhunce bet\^c<■n the aie:is of Heii.vihle winds on t]:e north 
and south sides of the storm's eent(>r, varit d from 10 to ]0,(M:0 fei 1, tl.c axera^e beinp^ 
1,085 feet. ^* Under tho most lavorabh* circiinist;inceb (when over ilee]» and narn)W 
valh^ys) 1.2 inches of low barometer in the middle of a turnatlo might give to the 
ascending current of air a velocity of as Tnnch as 57 miles per hour;'-' but ordinarily, 
on fairly level ground, this velocity wiuild he nnich le^s hv reason of the friction of 
tho incoming air upon the adjoining earth >url*ace around tlie tornado center. 

As to the relation between veh»cit.ies and pre.NSiircs of air on varying surfaces, the 
discussions of pure theory indicate that horizontal winds shouM give hori/.tuital 
pressun.*sof j>:^0.0027 r- against vertical plane surlnecs normal ' to the wind, in whi<'h 
» is the pressuri; in ])oundM ]>er square foot of thee\p(»>'ed surface, and r is the veloc- 
ity in miles per sectmd, strictly according to the Newtonian formula with A--1; and 
that this pressure should he multiplied liy O.Od for h«>ri/ontal ]>ressurt s against ver- 
tical cylinders,** hy 0.50 against si>here8, *■* hy sin a- f</r horizontal i>ressures against 
inclined vertical i>lane surfaces, and hy sin a for thi^ nornuil jircssures and sin 
a COS a for the lateral ]>re88ureB on such planes.-^ a heing the an.i:le between the 
wind and the plane. In all these cases p must, of course " he decreased ahont 1.0 per 
cent for each '1.,")-^ K. excess of tcmpi'rature ahove the freezing jroint, and must he 
increased about 1 ]»er cent for each 0.3(>-inch excess of harometer reading ahove the 
normal 27.795 inches, with other slight^'r corrections for latitude and height of ap])a- 
ratus and drjMiessof air at the ))lace and time of the experiments. However, the 
values obtained from the ahove theon^tical foruiuh-c should all he increased in order 
to give results in accord with actual exjierinient. this increase for thin S(|nare plates '■ 
normal to the wind heing ])erhaps as mncn as :^5 per cent, giving p --O.OiK^io V' or 

r- 
p= tyjA (with perhaps other lesser variations according to the shape and size of tho 

plate), and this increase for hollow spln.'res ^^ of 1 s(|uar(; foot maximum cross 

r- 
sectiou being perha])S as much iw 10 ]>er cent, giving p ..-. 0.0()2 H or p= -q.^; 

such increase being prohably due to theetfocts of air friction and other minor causes 
not allowed for by tiie Newtonian formula, and to the etVccts of Iriction, «)s<inatiou, 
and inertia of apparatus not com]detely allowed for by the exi)erinienter. 

Attention is also called to the fact that tlie actual velocity of wind must neces- 
sarily vary very greatly according to its altitude ahove the grouml and also above 
sea level, according to the proximity and shape of the ad.j.'icent hillsand valleys, and 
must almost invariahly on land he also exceedingly variable from nuiiuent to moment; 
and to the fact that the values of wind veh»ciiies and win«l pri'ssuresas deduced from 
the records of the most usetl ancummeters nuiy ofttm ho very greatly in error, the 
ordinary cup anemometer, with a coellici<Mit of ;^.0, while approximately correct for 
light winds of from 5 to 10 miles per hour, giving (unless 8])ecially corrected there- 
for) velocities from 20 to 25 per cent too large for winds of 25 to 30 miles recorded 
values, and perhaps greater excess errors for winds of still higher velocities.'*' 

In 1886, H. Allen lla/en nmde a set of original experinuMits in \VaHliingti>n,='-' with 
a whirling bar, using plates from 4 inches to 2 feet, squans moved in circles of 4, 8, 
and 1(> feet radius, with velocities of from 4 to KJ miles per hour, in aclose<l room about 
60 feet square having, however, only about 10 square feet of «-lear s})ace. The plates 
were hung from tho ends of the har by delicate thr»'a<ls of from 4 to 8 I'ect length 
so as to swing freely hack undi^r the air ]>ressure, the har was turned by the untwist- 
ing of ropes, the revolutions of the har were recorded hy a chronograph, and the 

• See Ferrfl, p. 25.'). part 2, vol. 4, AdhuoI ReiK^rt ** S<'0 p. :{n'j. smnc. 

S«*rn'tary of Wur, 18d5, " See pp. -loT-S, hjiimc 

■• Se«* p. 2K'». lUinie. " Srf ]>p. :wb iiml 'Mi*. Kniiio. 

■* See p. 288. xaiue, " Ser pp. 4o:i-k. smuu-. 

*■ See p. 312. siuiie. »Sco vv- -VV 'l^*, n<i\. Vi\x N.\ft., ^ssv\x\v6\. q\ 'S*2v- 
** S«e p. 805, name. vuv^'^ Y^iTt . 

"999 p. OfS, itame. 
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reHi.staii«»cs wcro roinpiitP»l from tlio ohsrrvi'd :niv:nlar Rwiiiu; of tin* platcfl niuler the 
air i)rr>Mnv. tli»' irxtt'iit of swiii«; Ihmii;; noted 1»\ an oli>i»rviT standinK at the center 
of rcvoliiiion. Tin- t'xporinicnts with l(i foot railins cirrlfrH^a^vonosi^nKof iiicreat^ed 
pH'Shiiivs for the hir;::c« )ihit<'s. In aihlitiim to usin;: th<i resnits of liiM own expeii- 
nn^nts, Mr. llnzoii ronxnltid Mio work and thf rrsultM of lionla in 17t:3, PioWrr, 
I)i«li«»n. and Morin in IKCi, Ila^^en in 1S73, and ooniparcd his rrsnits with thcirc*, with 
final ron«*lii.si«)ns as foHows: That f<»r vehu'itirs np to 7 niih».s per lionr with 8mall 

platrs, and xi]> to 1 niih'S per honrwith hirj^e jdatcs.yi .— .0034 i'-= . ^.in wbioh/> is 

tin* pnssnro in jionnds pt-r .s(|nan» foot, and r tlir vchirity in niih's per honr; thiji 
hoinj; lh<* Xi'Wtonian fornnda. e.\n*pt tliat A' --l.L'5; that the iniTfase of jireNsnres 
h<'!r«ioiiin* asrrilu'd to larj;*' plates is niainlv <in<' to tlie eentrifniral foroes of th« 
wJiirlini: taldes; thai f»»r a<rnr:ite rosnlts in snrh matters the whirling tables niUHt 
he of yreahr radius thjin Hi iW-t: and tliat pressures for hi;rher velocitieB nei.'d 
s]KMiril fnrtlwT e>cpi»rinient. As tin- radii of the wliirlin;; tahlt^nsed !iy Vincu were 
h'ss than J^ inches. iIkisp hy Thihanlt less than 5 feet, those hy liordan and Ha^en 
less llian S fi-i't, wliih* thosi* of Ilazen wrre as /;reat as HJ fret, Mr. llazeii'iji eonelii- 
HJiins ;ire entithMl tosperia) ennsitloration as reirards tiie inerease<l leti^^th of radius 
of whirlin.u tahh's net'rr.'^riry to .'ir«iire ndiahh- n-snlts. 

In 1SS7. t'li'veland Al»hi\ of thr oHIer of the (.'hii'f Si;;nal OHlecr, U.S. Army, pre- 
j>ari*d an ••xtensive rrpjirt " on niel(>or<doo jcid apparat na and ni<*thod8. The eha])Ters 
on uioa^xnres of wind vclority and on anoinonnders are of speeial valne in rehition 
to the snhjtTl n\' wind a cdocities and pressnres, :is they contain <'arefnl descriptions 
of ull tlie most nse<l air-\eliM'ity and air pressurj* apparatns. and equally oarefnl 
dijXests id' all past wi>rk in conneftion with the ili-terminal ion of their poRsihh»errc»rs 
and their constants, ('haitter V2 contains a theory of vanes, with (leseription.s of 
those most used in determining the directions of tlie horizontal and Ycrtie^il compo- 
nents of the win<l. Chapter 11 cimlains taldcs of tlie »«ales of wind velocities a» 
nsf'd hy various forci^ri, llMti^ln^. and tlieir comparison with thatof the International 
Jbillctin as now ])nhlis}ied hy the I'.S. Si«;nal Service. Cliapters 15, 1(», and 17 vow- 
tain a theory of anemometiTs with d'-scrijilion (d' th«' various direct-pn-ssuio 
an<*mf)nieters illu' ]»cn(lulum or swiujiriniC plate, the normal ]date, and thiMuhnlar), 
Die suction anemoini'tcrs iwitli Inui/ontal tnhcs and with vertii'al tuhes^, and the 
rotaii(ui anenu)nieters ovindmills. s<-r«\v pro]>el]ers. and cups), fncidentally also to 
tin- tli.seussi<in of tln!^ tin ory of surh anejimmeters, these eh.'ipters contain a hrief 
hut eari'fnl <lcscripti«)n of the various experimi»nt-s of Mariotte, Wolt niann, nuhnat 
and Thihanlt. as to the pn'.vsure ol inovinif lluidson stationary solids; and of Mari- 
otte, .N'ewton. I5en/.enh«'r«<: iwitli fallin;: hodiesi, of Rohins. flutton, JSashforth, 
Mayev.ski I hallistit" j»endulum i, of r>(»u:ruer, liorda, t'Uoa, Ihichanau. French coiq- 
nnssion, Swedish <'omnii.>sion of IMO-'lTi. iMihnat. IMohert, Morin, and Didion, (tow- 
a^rc (hroujih water), as to the resi-^tance ol' u stationary tluid to a solid inovinj; 
reotiIii\early throui^h it: and of K'«)i.ins. Si-hober. Wonse, Horda. C.'oulonih, Kdjjeworlh, 
lluttou. Viiice. Tliihault, Iteanfoy, K*enni<'. rrechtel. Itohrandt. Ilageu, Keehna^cl, 
Schellhach, an<l Thii^si-n. as to the resistance of a stationary llnid to a solid moved 
circularly through the llnid (water or air) hy the use of whirlinjr tables of some sort; 
and of r.«»nla, Duhu.it. C'onlonih. r.»'<sel. Sahine. Haily. ami iStokes as to the resistance 
of a stationary tiuid to hoth swin^in*; and revohin^ spherical pendulums. From 
llii'se deseripiions and tlisriis«iiiuis the foIlowin;jc itiuus are selected as of special inter- 
est in <'oniM'ction with wind ]tres',nres and velocities. 

In order t<i ohtain reliahh- results from the comparison of the records of various 
experimeuts. «rreat accuiacv is n«"cis-«arv as t«» the londitions under which these 
experiments were made, and as to the<-on«staiits. so (-alli'd. of thti a]>paratus nsed ; hut 
in matter of fact, a lari^e pro]iortion of tlu' moi** aci-urately nnide expiTinieut.s are 
not re<*ortleil in such way as to he ai'eiirahly comparalde with each other. The 
t«*mj)erature etlecls arcofti-n i|uite ;;;reat,but such ohservaii<»ns are notalways taken, 
and cM-ii then are oftin not reliahh; to within one <»r t\No tle^L^rees. The measai-es of 
the win«l <lire«'tions an* ol'ten erroneous to several <ie;4;rees, and tlie wind vehicities 
and presNure>< to l.njre pereeiits. from mere ah>ence rueoniiniious automatic records 
shoNN ini; the variations at short intervals. The «'onsrants by whicJi the di»phice- 
meut M-eords of ih*])endnlnm presstire ani'iuomi'ters ' are<'onverted iutoponmls per 
square loot may 1m» easily erroneous to 10 pi*r cent in ordinary winds and more in 
hii;h wimls: tho>e of the ncuinal jiressure ]»lati' anemometer *- niay occasionally be 
i'rrou«'ous to :is mmli as ic per cent at or<lu»ary vrlocitie-j, thon^rh the im]iroved forms 
i»f the<>»;li«r aiMMuonn-ter n-duce this ]»er<*entaj^e vi-ry ji^reatly: those of the most 
mmmI veloeitN anemometers '= ithe liohinson luMuispherical cup anemometer, usually 

«■' StM' \Uh.-. iiji. I -:;i»i:. iii.ilirs 1-30. i»url 2. vol. 4, Auiiual Kcpurt Secretary of War, 1887. 
" >«■«■ j», "_T>. -.ime. 
*•* Si .■ ji. "Jl*. !«.iiiie. 
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ansunioil to rotate with oiit»-tliir<l tlio velocity of tlio wind), nmy, iinloKs oach ancmom- 
et*?r be oarul'nlly f'oiiip:in*(l with tb** tttaiidiinl. <'asily bo crnnuMmH to from ITi ]>er 
cent for low up to L'5 for bijrb vrlooitii'H. sincf tbi' ratio bc'twecii tbe actual volority 
of tbe wind and tlio rovoliitioii of tbe aiiriMoiMctor varicH witb tbo, sizo of tlio rii]>H, 
tbo Icn^^hH of tbo arms, tlir total wc^i^iil and inntia of tbo moviT)<; ])arts. tbo sur- 
facpB of friction, tbe density of the ontsiile air. and linally llic velocity of tbe wind. 
Heavy ftnemometers of the presatire ]d:ite or rotary enp torm may als<», by the fjreat 
incrtiu of the movin;^ j»arts, show mncb b»r^j»T instant uieons jiressiires and mindi 
greater hourly veloeities tlian aetmiUy tixist. Mnn-oviT. it in to bo romiMnbered that 
all tbeso pn-ssuro and velority ant-monieters.as ordinarily nsed. Hbt>w only the hori- 
zontal oompunent of tbe wintl and nm its total force. Wo must always, tborefore, 
bear iu mind tbat many allowances must be niailo for tbe errors of a])])aratnH of all 
kinds, and tbat reports of past and ]»n'Ncnt work ninst be.iudjj:ed aeiordinj^ly. 

Ab to tbe general direction td' \> inds on land, statements have bn-n niade^' tbat 
tbo wind, in Kuro]»e at least, has a ^rcmral downward inclination of from 10-' to 
20-; but it does not aovm likely tbat this is anytliin;; but tbe eiree ts of occasional 
and Ktron^ j;usts, so tbat cxc(?pt lor sik-Ii /^nsts the direction of tbo wind nmy 
be aflsuTned an ordinarily bori/.ontal. 

As to tbe relation between pressure** and v«docitifS. tbe evidence so far seems to 
be still decidedly in favor of the use of the Newtonian formnia (with jiroper coellli- 
eitmts for A') in ])roference to all others yet sn;4^estcd. For the <'ase of solids mov- 
ing through stationary liquids the <'vidence uji to iss7 seems to be in favor i»f K-- 
l.H, wbicb for tbe pressure on thin plates, when moving through stationary air 

would give ;>:^0.0().'>5 r-or;> — ^ _ (subjej-t to the usual modilications' for tem]>era- 

ture, barometric readings, and latitude) in wbicb 7) is in pounds per square foot, 

and V in miles per hour (equivalent to ;i - - 0.(.i()7r> r- or p -~ \fp be in jxMiuds and 
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r in fi^t'i per second); anil this relation is indinsed by Poncelet In Kranccand I'nwin 
in England. ^* I'or the rune of liquids moving against stationary solids (a8 winds 
against an«'mometers, hiuises, and bridg<'s), theevid(?ijcc u]» to isST seems to slmw a 
value of A' somewbere between l.lJand l.Nr>. and n<'arer l.><5 than l.M, so tbat for 
api»arent fear of underestimation ronceb'l in I'rance and I'nwin in Kngland indorse 
tbe use (»f K =^ l,t<r* witb a sugg<'s(i(»n tbat more aciiirate experiments are still 
needed.*'' Tor A* :- - 1.85, the N<'\\l(Miian formula, in Ibc ca^e of air striking nor- 
mally on stationary tbin plates, woubl give jj -— O.iMi.'O r- or p ■— ^^ ' in wbicb p is 

in pounds per square foot and r is in miles per hour (or ;> : - ,..,,. if »• is in feet ]»er sec- 
ond), tbis being also jiractieally tbo same as tbe Kouse-Smeaton formula of 1759. 
wbieli is tbat adojited by the I". S. Signal Service in its work in conucrtion witb 
tbe projiaralion of the InternationMl Ibilletin of Meteorology. •• As to the ditVer- 
eneos between ]Mire theory ami actual ]ira!ti«e in the above cases, it is at present 
impossible to decide whether the dillerenees between A' -. l.I> and A . 1.S5 for 
moving i)late and moving lliiid are due to errors of ohser\atinn or n'present laws of 
nature, but it may be fair to assume for them etjual weights and take A - l.JJiJ as a 
common factor apjdicablc ;ilike to hoth cases.'- The experiments of I >ubuat, show- 
ing by actual direct me:isur<vs that the vacuum on the hack of the ])late, due to 
imperfect Hiiidity or im])erfert eontii-.uity in the diNturhetl lliiid, addeil ().i:{:t units 
of pressure to each 1 unit of direct pressure on the Imnt of the ]date.«' are in 
tboi'ougb keejung with the ahove assuni])tlon. I'or A- iJiti. the Newttniian for- 
mnia, iii e;iseof airon tbin plat<s. either Ueing siiitionary. would give ;> .i)()ir» r • or 

p = y in wbicb pis in ])ounds per s«|uare foot, and r in miles pcrbonr^ However, 

tbis value is not yet indorsed by l*oncclet. I'nwin. and other engineering authorities. 

As to tbe <letermination of sucb ^<'lations up to 1SS7 by falling bodies, by tbe 
ballistic pendulum and by Hying bullets, tin* re<ults. while of use for j)Uip<iscs of 
Oomparison amonir themselves, are hardly accurate enougb for use in deterudning 
tbe direct relation of ]uessure t«» veloi-ity. 

As to tbo use of whirling machines in di-termiuing llui«l pressures on tlat surfaces, 
it ai>pears that the experiments of liorda, K<ibiris. \ ince. (Nmlomb. Iluttiui. Kdge- 
worth, Heaufoy. Kennie. and llaeen mil that arcqu«>ted as made i»rinr to issij). were 
niadt* witb snuill plat<»s of only from 0.01 to 0.:!f) scjnai'e leet area, in «'ircular paths 
of «»nly from f>.t» to « ted ra<lius. with velocitiesof only from ().•» to MJ miles i>er hour. 
80 tbat their results must be reiiartb-d as somewhat doubtlul e\en for veloeitii's of 1(> 
miles per buur.and certainly quite tloubtful for greater untested velocities.'" More- 



S'e Abhe. It. 1SI."». jmii l:, vol. 4. Animal Uiijiort Sn nt.irv nf W:ir. lss7. 
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oviT, the exporinicnts of Scott in 1872, Rohiuson in about 1873, Dohrandt in 1873, 
1877, and 1878, and Stelliuju: in 1882, with tho Ko1)inRon cup rotary anemmnetor, 
witirled ou tablen of tVoin to 10 feet radius with from 7to42iiiile8 per hour velocity 
(iu en(l<*av<irin^ to d(;ternniio Uk* ('ouHtantH of tho 1{ohiusoii rotary anemometer), 
showed at tim<^M the existfuce (if iiuluctid <>ircuhir curreutH of from 1 to 2.2 miles per 
hour volocity in the air adjacent to the ed^e of the wliirling table (from 10 to 7.5 
per cent of tlie veh)city of the edf^e of the table, according as thiH latter velocity 
varied from 10 to liO miles per hour), showed also the existence of decided radial 
currents whose aiiiouut and ell'e.ct lias not yet been thoroughly disoussedand allowtxl 
for, and gave much other good evidenre that the history of past experiments with 
small whirling maelnnes is not to be greatly relied upon except so far as it is con- 
tirnuul by other more reliabh' testimouy; and that reliable results are not to bo 
obtained in this way in the future except l>y the unc of much larger machines and 
nuiuy further ])recaiiti(ms against errors of the a]i]iaratus.^' 

Although alnwtst all ex]K;rimenters feel certain that the prcsmiro per unit on large 
surfaces must he uiueh less tlian on smalltT om^s.'^- and that tin* shape of the perimeter 
of the surface must also to some extent intluence the pressure on tliH plate, still 
tln» law of sueh variatiou is not yet satisfactorily determined."** The formula of 
Hagen (1K71) is n^irardtnl as the latest and best of its kind^ but its value is <Iimin- 
ishcd by the I'aet that it wasdetluced froui the movement of plates of only from 0.02 
toO.ifO s(|uai(; feet area, move<l at velocities of (mly from 1 to •! miles per hour, on a 
whirling tabic of only about 8 fet^t radius, and in a small room.'^ This formul:^ how- 
ever, reduced to sea level at the forty-lifth parallel aiul to the tempernture of freezing; 

becomes^^^ j>-:^0.(M):'»<)6 (1+0.048 C) r- or closely j) = 0.0(Wl ( I+oq} «'-, in which p is 

in pounds per square foot, v is in miles per hour, and C is the circumference (or per- 
imeter) of the surfacti in fect.^ 

To anytme desirous ol' studying in di'tail the many obscure points of fluid resist- 
auce, Prof. Alibe calls attenli(ui t^) the valuable work of St. Veuant, Mem. Inst, of 
France, on Kesistancc des Fluids, published in 1888, .which was received by him too 
lute to be usetl in his own work. 

In I«87 experiments were made in France'*' with small counterweightedjdates, sus- 
pended laterally from the side of a moving train. The train was run at inorea8in|r 
velocities until the resistance of the air overturned the weighted jdat^s. Ilie veloc- 
ity of the train at that moment was noted and the ratio of the two computed 
therefrmn. For plates of 0.11 s<|u:)re foot area, at velocities of 44.5 miles per hour, 
the pressure was thus determined to he in accordance with the for mnl a />= 0.0054 i^, 
which is the Newtonian formula, with A'— ^2. The measurements were, of course, 
rendertMl somewhat uncertain by the nearness of the sides of the cars. Withiu the 
limits of their experinu'uts no practical etfect was obtained from varying the size 
of the. ])lates. 

lletw«*<'n ISHl and IS^H), during the eonstru(;tion of the Forth bridge, experiments 
were made '^ to determine the ]»rob:ible ]>ressure liable to come upon this bridge, as 
well as the relations between the pressures on large surfaces and the records of the 
onlinary small i)lat<? anemometers. I'or this pur]»ose a large tixed board gnnge (or 
anemometer), ITi hy 20 feet, having JJOOsriuare feet area, was erected on top of the 
<dd castle on the island oi* Inchgarvit* near the middle of the bridge, was so placed 
as to be parallel to the length of the bridge, and was further provided with a small 
<lisk gauge at its center and another sunill disk gauge at one of its upper corners. 
About 8 fei't on one side of the large gauge was also ]>Iaced another small lixed gan^e 
of about 1.5 square feet area, and also a second disk gauge of the same size but dif- 
f<*ring from the others in that it was free to turn and by means of a vane was kept 
T)ointed at the wind. All these vanes were read at about a. m. each day for six 
years. In the interval from December 11, 1>S8;J, to January 25, 181K), the heaviest 
gah's wi»re fourteen in number, the records of the tirsfc twob«'ing rejected because of 
imperfect arrangement of the api»aratus. Of the remaining twelve, only four, those 
of March 20, 18»5, December 4, 1885, November 17, 1888, and January 21, 181K3, came 
squarely against the tixed gauges. The records for these days, respectively, show pres- 
sures of :'.(►. 25, 35. and 3<> pounds per square foot on the small revolving plate gauge; 
of 25, 27, 41, and 3S on the small lixed gauge; but of only 17, 19, 27, and 15 on the 

«" Se.- Al»l»-, pp. liOy-LM»:{, part 'J, vol. 4, Annual Keport Secretary of War, 1887. 
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" Siu- Hjizni. p. *J42, vol. 134. Ani. Journal of Science, 18S7. 
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_** TliiH forniiiLi riMlunMl to t!i«* Ni>wtf»]iia]i form woulil j;ive A'=1.10 for ]ilateH of 1 Inch iu]unn», 
/r !.:;'> for pill trs lit' i loot H<iiian-. A' :{.4 t'urplatcrt 10 fei^t Hquan*. K .-- lu for t1ii> aide uf a Iiouho of 
40 fi-ot s(]|ii:rn', nuil A'uvcr L'U tor Mih hUXk of a builiHu^ I'OO ftM.>t liuif; aud 50 fi'ot liiuh. Evidentlv thla 
l<>rniii1:i ii* not iiitondod to ajiply to ]ar;:i' siirlucrK, aH uudc-r the prfMmrea ^vun by it no largo uulld* 
ihiS U'oiilil b(> :ili]r to Miaiid t'vcii ngaiiiht ti£;bt bn czch. 
*''.NVf Ilttzvii.p. 'J4(i, \oL r.ti. Am. Journal of Stieiuc. IH^7; and It. K.aud Enuiucvring Juiinml, Febru* 
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Jnrj^e fixed gauge: that i«, tbt^ largo gang«' sliowo<l prfsaiir«*8 31, 29, 31, and 60 per 
coiit l<;mi than mi tliv »utall lixod gaii^rc, and also i:t, 21, 2H, and iiS percent less tlian on 
thcnivolving ]>lat(' gange. The othrr eiglit nf thv h«;v<to gales cann* from dirt'i'tioiis 
making about -15 ' with the normal to tln^ fixed ])l:it4's. ho th:ittho normal ])r(rH.<'iir{'8 on 
iho fixed plates were prohahly only about UO per cent of tln' ;ntual wind prcsMires, 
and nhoufd accordingly Ik> inrreascd by ahont oni'-nintli, or 11. 1 percent, in order 
to give the actually >*upposcd forro of the wind itself in the direction of its ntcition. 
The actual gauge records of these eiglit storms were as follows: On <;ctolier 27 and 
28. lS8^i, Marcli :U, 188t). February 1, 1SS7, January 5, 18SS, November 2, ISSi', Janu- 
ary li»und25, \><\H\ the pnssures were 2!), 2G, 2(», iHi. 27, 27, 27, 27 noumls per s«|uare 
fo(>t on the Hmall revolving i)late gau;;e; 23, 21», :il,'ll, !♦», Hl,2H, 24 on thesmaii Hxed 
gauge; and only 18, 19, 19, 15,7, 12, ItJ, 18 on the larg«' li\ed gauge; but adding one- 
ninth (as above stated necessary to coi-rect Inr the inclination of the wind), the wind 
pressures become 25.5, 32.2, IM.I, ir».5. 17.S, ;i7.7, iU.l. 2o.7 as «leduced from the small 
fixed gauge, and 20,21.1,21.1, l<i.7,7.s, lA.li. 17.8,20 as detliiced from the large lixed 
gauge; that is to say. thepresNun-s on tlie large gauge, il' normal, wouM liave been 
21, 34, 38, (»3, 5(5, f55, 43. 25 ]»er cent less than on the small fixed gaug<; if also normal, 
and also 31, 19, 19. IV). 71, 49, 31. 25 per cent less than on tlie small revolving plate 
gauge. On all twelve ol)servations together, the large plate thus gave an avi-rage 
of 41 per cent less readings than thi> small plat(> gauge and an avfrage of 3(i ]»or 
cent less than the revolving i)late gauge. On two days, March 31, 188G, and January 
25, 1890, the large gauge was com])ared further with the two small gauges at its own 
router ami upper corner, giving readings of 19 and 18 ])ounds on the large plate, 
2S.,'5 and 23.!lon the center gauge, ami 22 and 22 on its corner, showing on the hirge 
plate average pressures (if 20 |>er cent less than at its own center and 13 ]ier cent 
less than at its own upj^cr corner. Moreover, as will be seen, during all these six 
years the maximum pressun? on the large plate was only 27 pounds ])er sfjuare foot 
(against .S5 on the small revolving plate ami 41 on the small lixed plate). 
In addition to these comparisons on a largi^jicale. Mr. I>::her nl^o made small eom- 

Jiarative tests with a wind blast against small nu)dids of open-work t^us^('s and of 
attices, and satislied hiinstdf that an allowance of 1.8 of the exposed actual surface 
of the ironwork of the front girder, was sullicient to cover the total wind i»ressures 
on this and another similar girder in its rear. 

As this bridge was pro]»ortioni>d to stand 50 pounds ]>er square foot of aetual surface 
on each girder, the results of the ahove-deseribcd six >ears subsc(juent wind measure- 
xuents seem to show an unnecessarily large mar<;iu of safety. 

On the strength of the above recruds Mr. IJnrr, of t'olunilda C«dlege, Xew York, 
feels justified' in sa\ iug that a 50-pound p«'r square fool ])vessure over the entire 
length of a 5()0-fof)t-long liridge s]>an will probably be as rare as a cy<'bme. 

From 1881 to I8s.s the records of th<- liidslon « )lm,'ival.ory, luiar LivrTjuMd. Kngland, 
show tensevertjstorms, whose ju'essures werennasur»dbya ]dat<^})ressureaneuu>meter 
of 2 square feet area, and velocit ies by tin* onlinary eiip mtary ajiemonu'ter." These 
storms and their records arrange<l in order of their srverily ari» as follows: On 
January 23. 1884. May 2t». l^<87, .lanuarv 2t». November 20, and Ma v 3. INSS, March 3J», 
188H, (hrtoher 20, 1881, December 9, issfj, Kebi-uary 3 and Xovemlu'r 1. !s^7. the 

Sressure plate anemouietei-s registered, respcilively, 7<).2, 05.2. Ii».2, 49, 44. 1. 41.!». 40.(), 
[).4, 40.1, and 40 pounds pfrsfpiare foot, while the i-up velocity aiuMnomeler ngistered 
78, 78, 74, 71, OtJ. 02. 01, 09. 00, and 57 miles per hour. Acciudiiig to the Newtonian 
fonnulaofpr:^ A' (>.<H)27 r-,tlu? valuesof A' de<lnrt;d from these r«"<onls are, respective! v. 
4.3, 4. 3.4, 3.0, 3.8, 4.1, 3.7, 3.2, .3. 1, and 4.0; gi\ ing an average of A' ^ 3.8 or p . O.ni V-» 
for the ratio of the registereil pn ssurcs ami velocities. I.»ut assuming that the small 
plate pressure nM-ords were 10 per cout in exc«ss of the pressures against l;irge surfaces 
(according to the Torth bridge te-^ts as above givi'U) an<l assuming that the cup 
velocity anemometer recronls were the a»'tual v<doi'ities of the wind (having already 
been reduced according to reecnt investigation), the aetual jucssures of the wind 
would reduce to jibout 42, 39, 30. 30, 27. 2.5, lM, 24, 24. and 21 pminds jht square f»uit: tie 
actual velocities of the win<l wouM rem.un 7«, 7S, 71. 71. r.O. 02. 01. 09, 0(», and .57 miles 
per hour; and the resulting values of A' wcmld reduce to 2.0, 2.4. 2, 2.2, 2.3, 2. 1, 2.2, 1.9, 

r - 
2, and 2.7, averaging A' -^ 2.3 and p — 0.U()«>1 r - or p - u-'i ''^r the actual pre.ssiji-o on 

large surfaces in terms of tlur veloeities taken from recent records of the usual cup 
rotary anemometers. As these values (d* /> ami A' ;ire from 2.4 to 1.4 times ;»s great as 
those deduced from experiments in \\hi«h the pressures ar«' f*ar more arrnrately 
measured and the velocities are very uniform and mrasur«-tl with ex«e!'dingaccur.icy, 
it is evident that there is yet much to be investiirated either as to aifnal uiiid 
velocities and pr«?ssures or the accuracy of the recording a]q)araLus in ordinary use. 
It is quite possible that the large plate ])ressure records will in turn have to be 

** S«'n J). 475, Iiiirr, Stroysrs on briil'^o jiiul TimV Ixvvs-vii^. 
«« See p. 33a, Loiulou Kugiuuevi^i; ol ^\.aLVx\\ U, \A*W. 
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rf»iliuM*il 10 JUT ci'ui inon? to allow for tin* t^floctfl of inortin iinilpr the artiun of 
st'v<»ro ;;iistj*. Two .sni-«*i'ssiv«' 10 p«'.r <'(Mit n'(liictic»ii8 (f»l per i-eiit in all ) of tlio 8inall 
plate }>n'.s.sur«' rtMionls tiii:iliin«j^ tlio avorair*- stoatly i)ro.s«iin' on :i lar;;c Kiirface only 
.'Hi pirr iMMil of that of llif in:i\hniiiii iiiir(Mlu(-c<l Hiiiall ]ilat(>. pressiiit^ rooordK) com- 
l»im*<l with a 10 piM- ci'ni riMliiitinii of i-arefully rat»il vi-ioifity n-cordn \^in:ikin;» the 
avirajn;!* sU*;uly vohicity only !M) ))it cvut of tlio iiiaxiiniiiii reconls of rotary cup ane- 
iiionicti'i'K wh(»so i'0(-Mif'i(Mit is 2.li or whii'h an; otlierwi.so can'fully rattnl) 8ceiii8 at 
pn-sont th<'h;aK( nnn>:i»oiiahh' iiu'IIhmI of ns-oiiriliiiii: the pn?8i'iitapj»arent dittVrciiciM 
hi'twciMi the iTsiiitH of cvii'TiiiiiMit with iiicti'orolojifii'al apparatus aiul thoHO with 
othi.T iiion* perfiTtrd apparatiiH. i Vnr tlic n*c-or«1s of thc» Hidstoii <.>hsnrvatory from 
IHiiS to 1S7J», scM" panii»raph ahove imdi-rhrad of Aincriran Society of Civil Kugiiirer». 
pap«ns of ISSO.) 

In INS7 T. (-. Fiilh'r. in Ids hook on r»ri<l^«' (.'(ni«trnctloii, t"' devot^'H oiio chapter 
to tho Huhjoct of wind ])rrssnr«*' - with sporial roft-rtMnw toita hearing ou brid;re con- 
KtriH'lioii. This «'ha]d<'r is ]>iMiia]>-» thr ln*at si ii.i^le, short, ronci»c\ fonipn-lieiisivv, 
and ])ra«'ti«'al review of the whole .suhjeet yet in print. From it are tiikcn the fol- 
lowinjj ]>oints, not a« well hiouLiht out elsewln're aiiove. 

In hridj:*"* of 1 ir^i* s])an the w ind htres.s»"H luTonu) of ^roat iniportanco since they 
may )»e as ;;rc:it as those i)rodin"<'d hy the entire deail and live load, in the J'ortli 
l)rid;4:e, where the allowanee t'nr wind stnss was oii pounds per Hipiaro foot over tho 
exposeil Hnrfaees of hoth ;L':ir«l«'rH, the maxinmni stre^seH were- e,8tiniated by the enjji- 
neer as 2.0 times that of tiie live load ami !.!> times that of the dead load. 

In a hrid;{(* whose sith's are si>lid ;;ir(leri«, the horizontal wiud prcssurt) on the 
whole hridije will <h'pen<l ;;r«'al!y on ihe eiunieet ion of those };irders.« If the 8ide 
girdei'H are eoniieeted ti)|) :iiid hoMom by solid eeiliiiijs and lloorn so as to make the 
eomhination ait iiko a ev]iii(lrir:il solid instead of like two thin i>lates, then the 
total pit-Ksiire on the brid;;e will he less than on one sin;;!** solid thin girder !<tauiUnj|; 
alone; if eonnected hy only a solid tiitor without roof, then it is poasihle that the 
slndter of the thmr may eijuali/e its *!kin frirlion with results that tho total pressure 
on the biid;;e will he oul\ as nnieli as on one solid ^.irder alone: if connected by an 
open ])l:itiorm. then the t«»tal pri's.-nure mi the bridge will be something between 1 
ajitl 13 times that of a sin^ile si^litl r^inlcM- staisjiinf; alone. 

The wind ])ressure ou the a'mU- of a r:iilwav <ar is onlv about O.J^ that on a similur 
tiliu surluet' if stan<ling ahuie. and tiiat of a house or iuouumi>nt lunching the 
ground is pruhablv htlll less; so th.'.t in eumpuliuji; wind pressures fnmi the over- 
lurhin!r of ears or monumenis wo must ordinarily iueiense the eonipnted presMire 
by at If.isi LT* i)er i^-nt in order to lC'T th«' pressure ^^hil•h would have been exerted 
on a thin i>ref»snre "lauiie -.uil:{<'e of tli>' same ;jrea. In tin* same way it is found 
that the ]iressure e;!lrMlaii'd fi.iru the hreakiu'4 <»|" «U'.lin:iry wind«»w pane:^ in the 
side of a elosed house mu-t in» iieie.i^o I by TiO pt-r <M>iit iu order to get the eorre- 
R]>on«lin.u pressure mi a Ihiu pl.ile .ij.ij.e or on tlu' (»vdinary wiinl pressure gauge. 

WhiMi the wiud blov.s up m :i -/.itiMLC or latl ii-i« liird.M'. tin* pressure on the grating 
or girdiM- i.-^siMii'-where In-jwe.u i':! ii oi' i!ie enliri' iiv.-w iue|os(.>d by itu perinu-ter and 
that c»f the actual tiout .sinlMi <• of tin* bus or pl.itis that compose it; and the pri».<- 
sure on a sutrnd girder iu n^ir of the first woubl usually be less th:m that ou the 
lirbt. (iar.dard is «jUoti''l as expre>sing tln*>e jnessures hy the tormube. 

P-p.i ( 1— A- ^. ): r . n- ^. ; and /'+/'.-- i'S I ^^ <''*)'] > 

in whieh /' is the total pre.>s";i' ou the fri>nt girder. /*; is tin* total pressure on the 
rear girdor. /'-f/'i is the to^.il pri s«-uri' on both girhrs. ;; is the win«l ]>r»'Sijure per 
unit of surface, N is the toi:j] aie;i iii>id«' tlu* pirim«'i.r of tlu! ;iirder, « is tin* tufal 
«'ombined areas of tlie opiuln-s in the giri'ir. ami .'• is a eonstant of eontrartiou. 
assumed by (iauibird to vary In-i v.-s-m /.' o.i;.') for smnll i»iiliee.s and 1 lor large open- 
ings, liiller. hifWevi'r. suj^' -rs tl.«' i.«m il o\' ]ira' tical te-^ts of this Ibrmulu. iiitating 
that while some sueh fnuiMJ.i m.iy he true fur sprfiijl girders it is very jirobable 
that tin* amount (d* shelter \a:i»-< >i»mii'\\ hnl with ilii« ^hajie and arrangement of the 
Kitti«"e baiN. and very eniaiu ih.ji ii \ .irif s \ery gieaily ^xith the tlistance between 
tin* gir<li rs. 

In uinb-rs of wide opiMi p:im*N .ind emupuratively narrow bar^. any parti<-nlar b;u 
on the irnni of the wimh^:ird giid«'r will sln-lri-r al" •■.-? <on;}'b.rily another Nimilar 
bar i|"*.r to it a- when hars :in' e|..se in ]>:iiis>: will ; Imi Nliil.ily slo'ller it at fr«»m 
1 to L* dianse1«-r (li^tanrr: hut v. .11 i.oi .-.helh-r il .'it ;il!. ;;]>;>:«»i:ibly. .-it l» to l(»«l:anie- 
ters distan* e. Mr. r.::lv«-r. "f tin* !'« rih bii.Ij:«'. imind I'.iai it t wo -indlar di>ks were 
]da«e<l <'XM»'tly in r«'.:r "<' e:i.-Ii «»fh« i hut at di-<-t-nii es iipait of l.L*. :\and 1 dianiet«'rs. 
the lot::l pn-s-nre on th«- •■••mi i,i.iti.in ;imo''nti-il r- «-]»i'iii\ liy tn 1. 1.1. 1.0. and l.S 
tinn'> tin* )»ri -•«ui»- nil ih«' frtini di-!. a!«.n«-: and ihuT this total pre-'•'Urewa^ but little, 
if any. im-n-.i-^iMl I»\ tl;e in^Mtinn of int« rmiiliute jli-»!\s. r.x]nrin:ents by Tbibanlt. 

"•■ T. rhyt"ii i"' ))' .-. Vi'i i • il li. .ii>.' iiii l;ii.li;i (;.iusiiMrtii.iii. 4;j I'.-iiJc.*, LoiuImii, lJiS7. 
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however, show as much an 1.7 |_)res8iire« nt Min;»Kf-(li:ini<}tor di»t:uiros; so that further 
ex]»('niiHMit iH uvin\oi\ in this din'rlion. 

Allowiiiu'eH bhould bo iiiadr for tlu' (Iyii;i!ni(; t'tl'crt of 8U(l<lfU ^iistH, os])o<*ia)ly in 
high winds, as )i guHt wliirli lust8 as I(iii|; n.s the tiiiH> of oscillation whifii in theroby 
£^iv(;n to tliobritl;{(. in:iy produce tlir snTll«•^t^4■^s in tlie luidp^ as that diriM-tly dcdiiri- 
r»lo from the oxtrenio prossuro given at thr saiiio tiui*^ by a prossnn'-gaugi» aii'.'iiioiii- 
eter. This stress niiiy, inoreovrr, \w nmrh fiiirhiT iiirrcasfd slioiild tho intrrvnl 
hetwoon gusts iiapiH'u to bo in rbytliiii with tlie time of oscillation of the bridge. 
lu consulting the records of wind anenionictiTs this dynandc etlect must bo borne 
in mind, as thn rcronls nniy show I to '2 (or evm inonrt times tlu* aetnal pri'ssures 
and velocities, arcriirding as the wind is steady or v«My gusty. The general u*snlt8 
of practi«*o so far ti-nd to sln»w tliat in asciually wind tiie <lynamometer or ]ireHsnre- 
plate gauge may ri*c:ord from 10 to 17) jMinnds per squari* toot, while the actual ])reH- 
hure upon a thin plate might only Iw. about 1^7 pounds, that against overtunnnl ear- 
riages Iki only !M) pounds, ami that against broken windows <nily about 25 ])ounds. 

In most ))ri<lges th^^ wind ]>ressMns are ])rovi<led against by hori/ontai wind 
girders, lying in the jdane of the bridge lloor. a^^sisted in s»)nio eases by another 
similar wind girder overhead. In most eases these wind girders are or unifonu 
width, equal to that rd' the bri^Igr, ami are therefore calculated like any other truss 
or girder with ]>arallel chords and latti'-e or openwork posts and diagonals. In 
special cases the wind girders may lu.i con.strueted as entirely independent girders, 
8o as t^ have n<» work or duty exc(>pt the resistance of the wind ])ressures: but 
whem>ver, as in most cases, they are c(unbin(>d with the other ]»arts of the bridge, 
any piece so subjected to ludh kinds of stress must be pro])ortioned so as to resist 
the maximum stress that may result iVtmi the nuist nnl'aNorabIc combinations of 
wind, dead load of bri<lge. and live load of moving vehicles. 

As it is hardly possible tor thf wind ]iressure to lu? always uniform over the entire 
length of bridge, nor to be blowing with full t^orce on (»n« half and with no force at 
all on the «)tbcr half, it i% advisable esp<'cia11y on long bridges, to cfuisideroue half 
the wind pressure on tlie girdrrs as a di-ad b»ad unifoini over the wliolo bri<lge, and 
the other half of sueh pressure on the girders, as well as all the pressure on a moving 
train, as a ndling load. 

As cars are liable to bo blown over with pressures of from 2d to Jii pounds per 
square foot ])ressure, no train is therelore liUidy to enter a bridge umler su<'h wind 
]iressures; still, as one may be eaujiht upon it (as in that of the Tay bridgi-), it is 
advisable 1o consider sueh possibility. 

The Ihiard of Trade (-onnni>sion, shortly aiter the Tay bridge disaster, rceom* 
niendetl j;n allc(wan<-e id' .Mi ]ionnds per square foot on om'c to twice tlie actual front 
surface of tin* nnitcrisd in om^ ginler. with a fa<'tor of safety <d'2 against overturning 
and -4 against rujdure: and tln'Korth bri«lge was built in accordance therewith. 

However, although u]) to about ISJ^O tin* general best practi<:e of Knglish engineers 
wasto]>rovide against win<l.s])ressurf;s of from 'M) to 10 ]>ounds per square foot, and of 
American enginei-is to ]>rovid(* against from 'M) to .">() pounds, yet the actual cross 
sections of the win I bracing oi' many Ameriean bridges show that, even if these 
pressures were allowed on but »mu* girder alone, the resulting stress woubl be very 
high and souietinn's a|i]ii-oach. it' it did not <'xceed, the clastic limit of the materials 
of the britlge; while in many I!nglish britlges there h:is sometimes been no wind 
bracing at all, and it has atotht*r times been totally insnllicieut' to stand anything 
like pressures of !I0 to 4<) jhMiml.v. ytit these bridges (:>nd many other structures, such 
as honses, etc.. of far le^s rf-^istanei?) have st«>od for a great many years, and have 
proved c«»nclnsivtdy that no sn«Ii nitnal ]>ri'ssures as IJn to 50 pounds per stpiare foot 
Lav«< hei-n experiencetl in the localities where tln'v have been situa'^ed. 

In roui'lusion, attention is called to the fact that, evi-n after all has been said as to 
wind pressures, it is really impossible at the pn^sent <lay by any geiu'ral rule toesti- 
umte the wind stresses on a ]«»?ig-span briilge to witliiu IdO per cent o^ their real 
value. In such (rases tin- resjionsible engineer will generally be disposed to err (»n 
the s;ife side. Hut as this margin (d* error may make tens or hundreds of thousands 
of dollars ditfcrenec in the cost of the bridge', an«l im on tin; one hand extra nniterial 
not aetuallv needed can onlv serve to unnetessarilv burden and therefore weaken 
the ]>ridge. and on the other hand a lack of sulhcient material will give far more 
disastrous results, it is to-ilay nn>re than livi-^r specially desinible that further prac- 
ti«:al experiments ami observations should be made to get facts by which to reduce 
this present laige margin. 

In l^<sS-•s9 \V. H. I)in».'s, at Ilersham, England, made some exj)erinnMit8"=' njion the 
resistance of jdatcs to nmving air. from which he decluced tlie formula />.— 0.()0!}5 r '-, 
in which ;i is in pounds persi|uare foot, and r is in ndles per hour, this being the 
Newtonian fornnila with A'- 1.25. 

In 1«8!>, at the Kitlel tower in Paris, measurements were made during several 

•*.Sm» p. .133. London Kiijriiui-riii^', Manh 11, 18l»0; and p. 63, Liuigloy^ In fevvviV\^«i\iS5\\iV>»\iX't'^^aNi^^^^^ 
b$). 801. 
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iiiODtlis '''^ upon the rolation between the velocities of wind at the top and bottom of 
the tower at stations 9!K> feet apart vortioiilly, the lower Htation being taken 60 feet 
above the fi^ronnd, »o an to be clear of the adjacent biiildiiiKA. In the design of this 
tower the wind pressure was allowed for hy asanniinf^ a ])re8sui*c of 61.4 pounds per 
H<|nare foot over the entire liei<^ht, or 41 ponnds at the huse, increasing; to 82 punuds 
at the top, iicconlint; to which gave the hi^^hest resulting total i>re8sure at each Joint. 

The obsfTvations of l^^(t covered 12 dayn in June, 2H in .July, 31 in August, and 30 
in ISe])teniber, 101 days in all, during which time the wind averaged 1.9 miles per 
hour at the bottom and 15.7 miles at the toi>, while the top velocities exceeded 17 
miles for 1^9 per cent of the whole time and over 22 miles for 21 per cent of the time. 
'J*he ratio between the top and bottom velocities did not remain constant, as tho 
velocities at each (dace varied, but was 5 for bottom velocities of about 3 miles, 4 
for bottom velocities of about 4 miles, 3 for bottom velocities of about 5 miles, and 
2 for bott<Mn velocities of about 7 miles. 

In \H\h) some ex])criments were made on t4)p of Mount Washington, New Hump> 
shire, by (.'. K. Marvin, with surfaces of 4 square feet and 9 square feet area,* Jrom 
which lie deduced the formula p — 0.0(>4 r^, in which p is in pounds per square foot 
an«l V is in miles per hour. The unit ]»re8sures were found practically the same for 
both large and small surfaces. 

In ixyO O. T. Crosby, late lieutenant, Kngiueer Corps, U. S. Anny, and B. F, 
Dashiell made a series of ex]>erinients''' with plates of from 1 to 2 square feet croaa 
section moved with velocities of from 10 to 130 miles per hour (th(»seof 30 miles being 
numerous), in circles of Ti.ri feet radius in a room about 40 feet long, 13 1^> 19 feet wide, 
and 12 f(>ct high. The apparatus w.is belted to and drivtni by SL 90-horse-power steam 
engine, whose speed could be regulated to less than half a revolution. The velocity 
of the i)lates was computed in most cases from at^tual <'ount (eleetricully or other- 
wis<') of the rt^volutious <»f the whirliug tabl(^ The plates revolved at distances of 
ouly from 2.5 to 5 inch(^s above the ])Iatform of the whirliug table, but at much 
greater distances from the siiles of the room. The piessurc* were measured by the 
couipression of sjiriiigs in rear of the plates an<l continuous automatic records of the 
siime. Great care, was taken in iirst measuring tlit^ resistance of the apparatus itself, 
this resistance being afterwartls deducted from that shown by the plates and appa- 
ratus together, in order to obtain the net resistance of the plates alone. The marked 
railinl and rotary nu>tion of the air in the rooui due to the rotation of the apparatus, 
though ni>t carefully measured, wjuh allowed for by adding 10 ])er cent to the recorded 
]M'e.ssures. Ou account of the apparent large errors from friction and inertia at low 
•velocities no accuracy is claimed for velocities of less than 30 miles per hour. The 
result of these experiuieuts indicated that at high velocities the resistance to nonnal 
pressure of air was murh less than calleil for by the Newtonian fornnila. and that at 
velocities from 30 to 130 miles ])er hour and for short, wjlid bodies with flat heatis of 
1 to 2 feet square cross section the relation of pressure t<» velocity is expressed by 

the formula p^J).lAA r, or j)= ^, in which p is in pounds per scpiare foot and v is in 

miles per hour. These resistnnces were found to ln' about 28 per cent less in the case 
of the addition of a wedge-shM])cd head whose height was equal to its base, about 
30 per cent for a pyramidal head whose height was twice its bsise, about 45 per cent 
for a wedge head whose height was twice its base, and about 50 per cent for a para- 
bolic wedge whose, height was tujual to its base. 

These n'sults, especially that the pressure varies with th(^ Iirst ]»ower of high 
velocities, being of so surprising a nature, were checked by further expr-riments with 
a suiall tlat-head'Ml car of 5.1 square fet*t cross section, driven by an electric motor 
around a track of abo;it 2 luibM circumference at a s)»ecd of alxuit 50 miles per hour; 
the ])^l^ssu^es being measured in much the same way as before by the use of com- 
])n>ssed springs and automatic records. The total registered pressure <m the entire 
5.1 square i\mt front surface was less than 40 pounds; that is, less than 8 pounds per 
Sipiare foot. 

In conncetion with his rep(»rt on these experiments Lieut. Crosby also reviews 
the work of his pretlecessors in this line of rcsearcjh. His review, interesting in 
itself, shows that his own experiuuMits were entered iuto by him nndcrstandingly, 
and his results are therefore entitled to all the more consideration. Attention is 
called to the almost unanimous opinion of all investigators up to date, that the prac- 
tical law of pressure-velocity variation between any two (letiuite limits of s]»eed 
must be deduced from actual and carefully made experiments between these same 
limits, and that the relations deduced from ex))eriments with the lower velocities 
can not saftdy be rigorously applied to higher velo(?ities. As to the etlect of the size 
of ]>late upon the ]iressure per unit of surface, (.'rosby infers the trend of authority 
toward an increasi' of this j)resHure as the surface increases in the case of moving 

«♦ Sre p. 12121. So. Am. Sui»|»lemeiit for July lH. ISro. 

^ JtH.Uf Jahn'ion, Modern Frunio<l striii-liin*'«,*p. 3^; rUh Eii;:inerrinp Xowa of D»'<'cnilM!r 13, IWM). 
"See pp. eoy, Oif4, 689, 600. and 715-718, Loudon Eugmcvrui'^, May 30, Juuo C, uud Juno 13, 18U0. " 
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plates; and perhaps the reTorse in the oas,- cif ntationary plates. As to the prcsHnre on 
inclined plates, he tabulates tlie results ol'a do/en ibnnulaQ obtained by other in vesti- 

gators and gives as theresultot' his own experiments a value of j>=***" "L "'' ^^'^ ^ for 

the horizontal pressure per square foot of plate, and /> = -^^— ^ for the horizontal 

pressure por stpiare foot of the vertical base of the plate; both formula* beini; for 
plates moved horizontally, a being the angle between the surface of the plnt-ti and 
tlie direction of the motion. He calls attention further to the fact that as his moving 
plate vras quite close to the stationary ]>latfonn of hiN apparatus, his recorded rosint- 
ances may nave been increased (but at any rate not diminished) thereby. 

In view of the radical differences between his normal-pressure I'esults and those of 
prior investigators, and in view of the evident errors of formuhe for low velocities 
when a]>p1icd to high ones, he urges the imp(»rtance of further careful and extended 
exiierinients with vel<»citics as high \\& (or higher than) those used l)y him. 

In 1><88 and IXiK) S. P. Langley, of the Smithsonian Institution, made a sot of very 

interesting experiments at tlic* Allegheny (Pa.) Ohservatory,*"*' with plates of fnun 

0.:^5 to I square foot area, with lengths of from 0.15 to 6.2 times their breadth, m(»v(>d 

at velocities of from 10 to 70 miles ]>er hour in circles of 110 feet radius in the open 

air and at distances of at least 8 feet above the ground, the whirling t^ible beiug 

driven by a 10-horse power steaui engine under 90 pounds of steam, steadied by a 

fly wheel making about 120 revolutions ]ier minute ; the velocities of tlie plates being 

measured by an electric chronograph recording every quarter revolution of the 

whirling table, and the iiresMures being recorded automatically by the com]>ressiou 

of carefully calibrate*! springs connected to the plate holder. Friction wheels were 

introduced wherever it wiis desirable to allow motion, so as to reduce the friction iis 

much as possible, an<l many other methods were adopted to minimize the amount of 

unnecessary instrumental friction an<l onrillation. With respect to the jiressureson 

thin plates moved through air, these experiments give results as fidlown: For ]>Iates 

held normally to their line of motion and at tem])cratnre8 of 50'-' F\ and barometric 

r- 
pressures of 736u«n./)= .0036 r- orj>— .,j»^, **in which yMS in pounds jier square foot 

and r is in miles per hour. If reduced to freezing temperatures and the normal of 

r- 
760 mm. (as in previousl3' described formuhe) this becomes /> = .003U v*^ ^^T^^^*Mv 

iH'ing the Newtonian tbrmula, in which A'=1.41. This result is deduced from the 

records of sixty-eight difl'erent observations**' whose velociti(^s were well scattered 

between 10 and 70 miles per hour, and whose deduced pressures rarely ditfer by as 

much as 10 per cent from that of the average as given by the above formula. As to 

the el^ect of varying size of phites, the 6-inch square plates gave results slightly 

more than the 8-in<'h square phites, but sliglitly less than the 12-inch s([uare ))Iates, 

so that the result was not indicative of any special law governing such variation. 

As to the pressure on inclined thin moving plates, it was clearly shown that the 

resultant pressure on the inclined plate is normal to the inclined Rurfa<'e,^^and Iienee 

that the eftects of skin friction, viscosity, and the like, are i»ractiealiy negligible in 

such experiments; that this normal pressure upon the inclined surface is much 

greater (even twenty times in the case of angles as small as o) than that de<lueible 

from Newton's original discussion, and agrees very closely'* (within 0.02) with that 

2 sin M 
of Duchemin's formula of ^ ". . „ , in which a is the angle between the plate and 

the line of motion; that the center of this resultant and normal pressure is not 
exerted at the center of the inclined plate, but always a little forwanl of the same 
toward the advanecd edge of the plate, "^ so that the forward half of the i>late 
always carried more than Inili* this total pressure, the amount of these variations 
depending on the angle of inclinatitm of the plate (as also shown by Jocssel in 1870 
and Kumnier in 1875-76); that this pressure, being a fluid pressure and increasing 
rapidly with the velocity, has in the case of horizontal winds at high velocities under 
small angles of inclination a litting power fsir greater '' than it is ordinarily given 
credit for; and also that inclined rectangular ])lanes whose surfaces are inclined 
from 0^ to 30^ to the line of motion "* may ex])erience much greater or much less 
pressnres than s<|nare plates ac(!ording, re*sp<'ctively, as theirlonger or shorter side is 

*'Laiig1ey, Kx]M<-niucnt« iu Aerodyuaiiiics, 115 pagus, lU plate>8, 1891; publijsliod an SmitliHuuiau Con- 
tribiitious No. K(>l. 
**8fe p. 99. 8amo. 
"Seep. 98, Hamc. 
'*'Stiep. 1(>4, name. 
'1 See p. 24, 8Mmc. 
'"Svepp 89 and 114, Hnme. 
"Soe pp. 25 and 105. saine. 
** Bee pp. 01, 62, same. 
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in advance, while tlioRe "whoso snrfaros :iri' iiiclinr'd fVoni JWP to 00" may experir^nce 
exactly the reverse cflectK. thuH showing that nut only tbi' hliapr but the oritMi- 
tiition'of tht» inclinetl Mirlaccs is <»f ^r^at ini}iui-taiicr in (Icterniinint; the ri*«i8tuncp» 
ot1Vn><l hy thcui to tln'ir own motion or to that of tlu^ Ihiid in which they art^ 
moved. Tlie n-snlts of tliese exiH'iimontK. hotl> on ac.ount of the ;4n'at radinri (30 
fcM't) of tlie wiiiiiin^; tahh*. the >ireat rare taken to diminatif ilu? dinieuliii'H and 
erroiH of prior expi*riment«Ts, and thr hi^^Ii vrl«Mitirh ai-tually ohtainrd. nniHt neeeM- 
narily ho allowiMl jrr»Mit weijjlit in coni])arison witli tliose of otlier like prior exyieri- 
nientH, and sceni to he sntlit-iont proof of the th<M»r.v tliat air ])r('H*^nr«'8 on moving 
])lates nnder vrhx'itieH u\t to ahout 10 miles per hour arc (to wil]iin at least 10 ]ier 
cent) proportional to the Hquare of tlie velocity: leaxin^tlm i|Ue'(tion of tliediseonl- 
ant resnltH (d»taiiied from ordinary wind-j»rrS8ureand veloeity j^auj^esand the (pies- 
tion of the pressure of moving; air upon stationary plates, to he further investigated, 
if necessary, hy methods in which tlie motion shall he tliat of tlie air and not that 
of the plate. 

On April 29, 1892, a cyclone erossing the C'hamp de Mars, I'ort IjOiiiH, Mauritius, 
Rtruck an obelisk of 50 feet hci^rht and :"> feet 8«|uare cross si'ction (called the Tom- 
l>€au Malartic), tearing off and thvowin;^ <lowii its upper half.-' The portion tlnm 
thrown down was 2t> feet hijrh and 5 feet 3 inches sijuare at its surface of rupture, 
and was built of hard blue basalt facing, hacked with nibbh? bedded in ni<»rtar. The 
appearance of the fracture indicated tliat the upper portion did not slide off from 
the lower, luit was lifted clear from it. Calcuiations Irom the exposed surface ami 
weijifht of the fallen portion showed that the mere overturning of the np]ier lialf 
of the obelisk wouhl reijuirc a force of 112 pounds i>er sijuare foot of its exposed 
surface. The director of the observatory at that place re]M»rted the maximum\eIoci- 
ties of his records as 112 miles ])er hour for the ;;reatest hourly n'cord and 121^ miles 
per hour for the great<*st velocity for a few seconds. If the velocity he taken at 
112 ndles per hour and the jiressuro at M2 ])ounds ]>er square foot, the ratio of the 

two would be expressed by p— 

So. 

In 1J<87 and 18i»3 .S. T. Liin;jley, (»f the Smithsonian Institution, made a series of 
ex]»criment,s,"*' lirst at the Alle^lieny (I*a. ) Observatory and then at the Smithsonian 
Institution, Washin/^ton, J). ('., to determine the internal irregularities and varia- 
tions of ordinary winds. At Allcglu?ny lu; us«*d an ordinary rotarx- Kobinson r-up 
anemometer, with nietal cu|)s of alM)ut '.\ inches diameter, moving in circles of 0.75 
inches radius, recording every twenty-fiflh revolntitm. placed on a mast, so as to bo 
32 feet above the toj) of the hill and 453 feet ;iln>ve tlie adjacent Ohi<» Kiver Valley. 
The observations at Washington were made with thr« edilVcreiit-sized anemometers; 
the lirst being about the same as that used at AllcjLiheiiy, but recording every lifth 
rev<dution; the sec(uid benig made with pai)er cnj»s nf only 0.3 the wt^ght of the 
first one and reconling every revolution; au<l the third being made <if half si/e, 
and with ]>a]»er cones w«'ighing only 0.2 ol" the fir>*t and lecurding every half revo- 
lution; these anennuneteis iK'iu'j: mounted ir)3 teet above the ground (11 feet abov«» 
the tt)Wer parapet). Tin* thir»l anemometer, wlmse moment of inertia was thus less 
than 0.01 of that of the (irst one, wi»uld start and st«)]> almost instantaneously 
with the wind. These* aneuHuneters showed th:it even in ordinary winds (and more 
so in high winds) the air m(»ves in a tumult uo:i>. inn^s, the \eli>city at a single fixed 
point sometimes .inui]>ing almost inKtant:in«'ou.sly iVoni one extnMue to the other. 
The general characteri.stic> of tln'se variation^ i-i well shown by tin* rec<iril of the 
six minutes from ten t^> sixt<*(jn mitiutes past noon on rebrn.'iiy 1, \)<\K\ at Washing- 
ton, when an ordinary hiirh wind of fn)m 20 to 27 mile^• an hour was blowing. The 
record of the ordinary anemiineter showecl a v<locity (»f about 2!{ ujiles per hour at 
the beginning of this interval, <lroj»]nng to about 20 miles at the end of the lirst 
mile, rising lo ab<uit27mil«'s at theendof thesccruid mih*. and continuing at this rate 
for sometime afterwards. The record of the light anemomeier, regi«<t<'rini:ea<*h revo- 
lution, >hows however, starliii;; at 23 miles, a rise t-o l»3 miles in ten sccfuids, then a 
fall to 23 miles in ten seciuids; then up to 30 miles in thirty seron<Is, and soon, ])ass- 
ing through eighteen notabli> maxima and as many minima in these six ndnute.s, 
the !ivera;;<Mime- of each risf or each fall being a little oxer ten sccmmuIs and the 
average <hange in velocity being about 10 miles an liour. The most rapid change 
in this interval was a drop from 21 miles down to nothini; and a rise back to 22 
inileN, all in less than fiiteen seconds. In like manm^r the id)servations ot' .Inly 10, 
IH87, with an average \elo«-ity of ix miles, showed a risi- and fall <d'3.'»]»er cent each 
way from the mean, occrnrinj; within two minuter of each otln-r; those of .January 
II, 1S03. with 13 miles av«Mage velocity. 10 per c<'nt oscillation within 0.5 niinutf*s; 
those of F«d)ruary 2(J. is'i:?, with 27 mih-s average velocity, 75 ]wv cent in 0.3 min- 
utes, au<l holding a 0<) j»er cent imrease for nearly a whole minute; wiiih? durin*; all 

'•SiH' Kn«:iiH'erin;j iJrronl fVu .Inly "j;!. I>'.'-. 
'*■'*« /-*uij:lry, InU'iuuX Work o{ the Wiiul, IsiKS. puIilisluMl jh* Sinitlisoninii CciitribulluUM iNo.884. 
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these ohsorvatious t ho avcra^ oscilliitio:! was about 20 per cent up or down, niid 
occurred oiiec or twice a iniinite. Under Much cirouniHtainces, because of their weij^Iit 
and greiit inertia, the ordiniiry rotary aneniouietcrHy while failing to show the niaxi- 
mnni velocities, wouhl record a^'era<{e vidocities considerably in excess of the truth; 
-while the ordinary plate aneniouieters would record instantaneous pressures far in 
excess of the truth. 

In 1HI)3 Mr. Kornot, of the Melbourne University, Australia, nuide a sories* of 
exj>erinientrt"' with a steady Jet of air of 12 by ID inches cross section, directed upon 
small models. The blast was furnished by a screw jtropellor of 'JH inches diameter 
und 48 iuclios pltt'h, driven by a ^as engine at KpeiMln of from 4(N) to 8i)i) revolutions 
per minute. 'Hie helical <'urrenlH<»f air from this propeller were collected by means 
of a radial diaphra«;m and a conical mouthpiece havin;; its axis tun^entiul to the 
helical dire<:tion of the air. so as to secrure a steady jet. In front of this Jet was 
plai*ed the object t4> be tisted. sni»j>ort«ul on a very delicately arraujifed carriajje 
rnnnin;; on an accuraUdy leveled surface ]date; the force exerted beiii<;^ measurt>.d 
by a delicate sprin;; balance, the ncmracy of which had been verilied by means of 
standard wei^htrt. A ]nr<;e number of ex]»eriments were made with tliis apparatus. 
From the snuill si/e of the models and tlie nece-^sarily delicate arraiij;ement of the 
apparatus, resull»^ could not b(> exiiected sulliciently accurate to be used in the 
r(*vision of the j^eneral j>n!ssure and veli)city tbrniube, but very iuterestin;; compari- 
Bons could be ma<le. Comparing; variout^ surfaces, exposiii;; to the blasts ecpial 
areas and assuming the ])ressure to be I on a stpiare unit of thin plate n(»rmal to the 
blast, it was found that the ])resKur(^ was O.iM) on the si<le of a cube normal to the 
binst, O.IK) also on tlie cube turned edprewin^s O.W) on the side of a Hquarc pyramid 
whose axis was normal to the blast. O.iid on the same pyramid turned ed<r(»>viHe, 0.(K) 
on octa^roiial prisms, 0.ri() on eyliuders and ctuies. 0.3() on spheres, O.I>(> one way and 
1.15 the oMier on Kplierieal cups, and 0.^0 on latticework whose openiugH were 55 
jKjr cent of the whole exposed area. The ]>ressurfMui i-ylinders and s]dieres could 
bd increased 20 p»'r cent by brin^in^ near them a plain surface parallel to the wind, 
the lateral escape of the wind around tin? cylinder beiu«x thereby cut oiY. In the 
case of a hollow buibliu^ turned with open side toward the wind the pressure to 
lift the roof and force out the sides was ecpial to the pressures on the exposed end. 
The variations of pressure caused by ibe jiroximity of other surfaces was very 
marked; each surface a))pcar(>d to alVect th<* pressure on other surfaces to a distance 
in front equal to once, and in rear ccjual to Hcveral times, its own bre:ulth. The 
pressure on a (i-inch disk was re<luced iHi i»er cent by the prrsenceof a O-inch disk 
placetl 2 inches in its rear, and this reduction of pressure diminished as the (Much 
plate was moved back.disappearin<x only when the rear disk was al)out inches (its 
own diameter; in rear of tlio 0-incb disk. The ]»re.^sr.re on a 7-iuch disk was 
diminished 120 j»er cent (that it was ury:ed forward against the ilire<-tiou of the 
wind with 20 per cent i)ressure) by the interposition of a iJ-inch disk plac<»d 4 inches 
to its front. A jtnrapet of O.IG of the height of a roof, reduced the pressure on the 
roof by '^'^ per crnt. A wall connect in;^ the edj;e of the roof with the ground in its 
front reiluced the pressure on thi* roof to very much less than it was when the wind 
rould blow freely under the roof. Mr. Kernot concludes his)iaper by a recommenda- 
tion that 20 pounds ]>»'.r square foot bo regarded as sut!i<Ment allowaure for wind 
pressures in ])o8itions of lull ex]iosure in Austnilia wbeuever the exposed surface 
measure-s ovi*r iSOO sciuanj feet, u\u\ that 'M) ])ounds be ulloAved only U]kmi sjualler 
surfaces of exposure: and re< onmicnds, further, that the factors of safety be taken 
OS 2 a^^ainst overturuing and S a^^ainst ru]dure. 

UF.CKNT PKACTICK. 



The practice of to-day in Ku;xlau<l is presuuiably m accord with the recommenda- 
tion <j:iveu under the bead." of the Tay biid<j:e counnission aiid London eu.£;ineerin^ 
arti(t](!S (1880-Vl) and Kiillcr (18X7); which is. to estimate the maximum win<l pres- 
ani'e at each ]>lace by the formula />- ().(Mr-, in which r is taken from the rotary cup 
anemometer records; aiul in the most exposed ])laces to allow for r>G pounds per 
square foot wind pressure over from 1 to 2 times the <*IVective area of one bridge 
ginler. 

The practice of to-day in France is ])resuniably in ar-conl with the rules laid down 
by the text-bo»)ks of the cnr]is of bridges ami liij^hways"" which estimatt* the wind 
velocities of storms at UH) nuh*s jjer hour, and which allow for pressure of tK) jiounds 
per square foot over the etVe<ti VI' area of I truss of a s<did truss bridge, or of l.r> 
trasses of an oj»en-work truss bridge. 

These recent English and French allowan<'cs seem nmre than ncj-essary in long 
bridges, where the cost of the wind bracing is a 4|uestiouof hundreds of thousands of 

"FornliHtrart of i»apcr,3<'C i». 1T(», vt»l. 'Jl*. Kii^ini'orin^ llriMirU for IV'lirnjiry nM8M. 
'■Sec p. 7U1), E. ('uliijj;iiui), CuurH (l<« Merliaiiifini', liCsiHlaiiccdoA ^UxXsiVVAwv*^ v.^.A'^^^ 
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dollars; especially in view of the fact that ho ninny brid^^cs with ro umch leAS wind 
bniriu^ hsive stood so well for yenrs, and that one (see il^lmlcr Smith, 1880, above) 
dinicnsioneil for only ^ poiindH f^rcHHuro stood safely even when one of its spans 
was actually crossed by the very center of a tornado. 

The American practtice, as it stands in 1^94, may best be gauged by the rules laid 
down in Die last editions of the text-books ^^ of .Johnson, Bryan, and Tumeaaro, of 
A. J. l)n Hois, and of \V. H. IJnrr. 

In these works the relation of pressures to velocities is variously expressed by 
tlu^ f<irmula""7>^=0.(K)40r-, ;)^=0.0()5lr-, and jp=0.0100i'*, respectively, in wnich;> is in 
])ounds per Kipiare foot and v is in miles ])or hour, bein^ the Newtonian formnhe with 
K~ 1.5, l.y, and 3.7. However, they all a^ree in tne ordinary allowances of 30 
]>ounds per square foot for wind pressures on lar^^o surfaces,'"' while increasing this 
to 15 (.lohnson) or 50 (l)u liois) or 40 (Burr) pounds for small surfaces and unloaded 
bridges. The ratio of the normal pressure upon inclined surfaces to the normal 

])ressure on nonnal surfaces is jjiven by both Johnson and Du Bois^'assin a ' ^^*** 
(quoted from Unwin, 1801), as ascribed by him to Hutton), in which a is the an^le of 
the surface with the wind ; this jjivinj: i for angles of from iX)^ t-o 60'^, 0.H5 for 50*^, 
0.88 for 45^, 0.83 for 40.", (>(> for 30-, 0.45 for 20^, 0.24 for 10^, and 0.13 for 5^ (these 
results for angles less than 50- being all considerably smaller thai^ those of Ducbc- 
niiu^s and Langley's formula')' 

The rules for the application of these wind pressures to the calculation of large 
railroad bridges are mainly as follows:'^' The exposed area of spans is tigiireil — 
tirst, of the unloaded bridge, the wind pressure being treated ns a dead load; sec- 
ond, of the loaded bridge, the wind ])res8ure on the train being considered as a live 
load; and then each portion of the wind bracing is dimensioned to stand the max- 
imum strain that may come np(m it under either condition of load. The exposed 
area of a girder is measured by taking the fnmt surface of each pa*t (such ;ih the 
or linary up])er chords and posts) which stands by itself, 1.5 times the fnmt surfaces 
of thosr parts (as ordinary ti<>s) which are in pairs, and 2 times the front surface of 
" those parts (as ordinary low(;r chords) which are composed of sov -ral bars, one 
behind the other.' ' The wind pressure on the unloaded brid;;e is calculated at 30 
to 50 pounds per sriuare foot on the ex])osed area of the lloor system and of either 
both open girders or one <dosed or i>Iate girder.** The train is treated ''■ as a con- 
tinuous surface of 10 feet luight with its bottom 2.5 feet above the rails. The 
exposed area of the loaded bridge'' is lueasured by adding together the exposed 
Hurfaces of all th(^ wiiulward Kii'<h'r of the tioor system, of tlie train, and of all the 
leeward girder (or at least of so much of it as is not closely and completely sheltered 
by the train). The wind bracing is usually composed of one horizontal truss under 
the lloor and one between tlu^ to]) chords of all through bridges, or between the bot- 
timi chonls of all deck bridgr-s; and of vertical sway bracing at every panel point 
of high through biidges or at the ]>anel ]»oints of all deck bridges. The dead load 
of the wind ])rcs.sun^ ii* assumed ordinarily as divided equally between the n]>per 
and lower wind trusses, where both exist; and the live load is assumed ordinarily as 
all <?arri(?d by tln^ wind tnis»< of the loaded chord (the? lower in a through bridge, 
the uyq»er in a deck bridgt^). In ordinary long railroad bridges these wind loads ari« 
ordinarily assuuie<i"'* at GOO jxMuids (3(K) dead, 3(X) live) ])er linear foot of bridge, of 
which three-fourths (as above explained) goes to the wind truss next the Hooring 
and one-fourth to the other wind truss. In calculating the stresses on each wind 
truss, the loads are assumed as exerted on the windward side. The chords and end 
posts of the main trusses are not usually stiO'enod or increased in size on account 
of th<^ assumed wind stressj'S, excej>t, lirst, when such stress alone, or in combina- 
tion with a teni]»crature strain, nuiy change the strain from tension to compression 
in a chord built tr> stand only tension; and second, when the wind stress on any 
]nemb(>r exceeds lC> per cent of the sum of the maximum stress due to the dead loocl 
ad<le<l to that <lu(^ to th(^ live load.*^' 

Mcml)«'rs subject to alternate tensile and compression stresses are built to ^<^8i8t 
each and ])roportioned so as to stand each stress alone, iuerease<l by an amount 

"J«hiisoi», IJrvan, anilTHrni'anro.Tljoorv nndPrartioi" of Mo<lorn FtjuiumI Structures. C27 ]»]>.. N. Y.. 
1M).5: A. J. Pu linis. Str.iinH on rr.Hin'«l StrurtnrcH, f>4'» pp.. JN*. Y., Uth «l., 181W; \V. 11. IJurr, StresMis 
ill r.riiltjo and Uonf Tru.ssos. 47ri jip.. X. V.. sth nd,, IHW.'l. 

•'"Seo p. y:5. .lolmsi.n: p. W. l)n Hois; i>p. :{7i» nii«l 47ri, lUirr. 

♦"Sr«« j»p. ;{:j. :u..Ti»lin«4«Mi : imi. (;.'•- 4tir». Du lloi8; ]». 'j7(), lJurr. 

••^StT ]i. 34. •loinisnii ; ji. r»,>^)u lirirt. 

"S<opp. Inu-IH. .Johnson: pp. 40.'»-U4. l)n Boi-s ; ii]i. 3«i5-:m. Rnrr. (J(»lniRon, in his work, qiioten 
nt It'nuth tlir hritim' .spoiritk'ation.s of V. II. Lowirt, uJiilo i)u BoIm, in likn maimer, quotes IbuM) ol 
Throilon* (.'•k»1'«"''-) 
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equal to 0.8 of tho lessor.'*' Whore tlio wind acta the brid^fe is nocesHurily l»ont 
somewliat to the leeward Hide, and the tension chord of tiiat side of the brld^ti uhimC 
beninde strong enongh toHtiuid this extra streas. I'ndor tlie same eirounistanceH the 
tension chord of the windward side is eonipressed, sometimes in excess of the ten- 
sion dno to the dead load, and therefore precantions mnstbo taken to prevent its 
buckling under such excess of eomjiression. As the wind may blow in either direc- 
tion, both directions of wind nnist be considered. 

The sway bracing which is placed between the vertical jiosts of the main trusses 
at each panel point is introduced in order to prrvent inde])endent lateral vibration 
and swaying of the vertical trusses; also to stilVen the long vertical posts, sui well as 
to assist in carrying some of the wind stn-rises to the leeward girder. In double- 
track railway bridges the sway bracing also helps to i>revent lateral distortion of 
tho cross section of the bridge under a load on a single track; but the extra stress 
due to such work is usually comparatively slight. The main stress on the sway 
bracing comes usually when the wind is blowing on the unloaded bridge, in which 
case the web members of the lateral syst^^m, belonging to the chonl supporting the 
tloor, are*only about one-third loaded, while tho web memb«'rs of tho <»tlior lateral 
system are fully loaded, giving rise naturally to unequal lateral deHcctions and the 
transfer of some stress Irom tho weaker system through the sway bracing to the 
stiffer s^'stem. The parts of the sway bracing are tlu^reibre usually dimensioned so 
ns to be able to carry 0.5 the wind load due to each pane] of the bridge.'"^ 

On ordinary lieavy railway bridges the exposecl areas per linear foot may be rough- 
ly estimated at 10 sciuare feet for the train, 1 Brpiare foot for the ends of the 
ties and sides of the guard rails, 4 square feet for the longitudinal floor girders (or 
stringers), and 5s<|uare feet per linear foot for each truss (or girder), or a total of 
10 to 14 square feet for the di'ad wind loa<l on the two trusses and iloor, or 2.o to 
3.5 square feet lor each chord." 

In ordinary double-track railroad bridges, with vertical sway bracing, the weight 

of this bracing"- for both trusses may be roughly estimated at ( -■^-- ' — ' \ -^ 

in pounds ])er linear foot of track, in which I is length in fi'ct, X is number of 
panels, p is panel length in feet, and b is width of bridge in feet. 

When bridges are built on a curve they must also be stiffened later;illy against 
the centrifugal force of the moving train.*' This extra stress is estinnitird at 
0.000J.H17 V JfPj in which r is the velocity in miles per hour, /* is the weight of the 
train in tons, IJ is the degree of the curve or the angle subtended at the center by 
a chord of 100 feet of track. For a s])eed of 30 miles per hour this amounts to, 
approximately, 0.01 of the wcij^ht of the train for each degrei^ of curvature; and 
each additional 10 miles of si)eed is assuujed to add as much nuvre. This centrifugal 
force is assumed to act at a level of 5 feet above the rails. This stress is carried by 
the floor beams to the posts of the outer trusses and thence through the lateral 
trusses to the rest of the bridge. As one of the lateral systems usually lien close Ut 
the flooring, most of the stress comes upon such system and its amount is usually 
added to that of the wind stresses and treated {is if it were an extra and live win<l 
load on one side of the bridgt*. 

All the rods of the wind trusses must be further strengthened to cover the initial 
tension (ordinarily giv«'n them by lurnbuckles in brin«;iug all pieces to their i)roj>er 
bearings); and this initial tensi<m is usually estimated at 1 ton for 1 inch diameter 
round rods plus 0.25 tons for each additional 0.125 inch of diameter, or 1.125 tons 
for 1 inch sipiare rods ]>lus 0.281 ton for each additional 0.125 inch of side, or e<]ual 
allowances for e<iual areas of other shapes.'** 

In the calculation of wind stiosses on piers or towers the same rules apply, with 
slight modiflcations, as follows: The wind pressure on the whole pier" is calculated 
at that of tho-front surfaces of the train, and of all Iloor systems of the; pier, added 
to twice that of the trussing of the fron* face of the tower, assuming the wind 
pressure on the pier and train together at HO pounds •"' ]»er scjuare foot, and on the 
unloaded pier at 50 ])ounds ''^ per square foot, and providing against the most 
unfavorable of the two cases. In figuring the weight of the loaded ])icr the train 
weight is to be taken at that of the lightest train tiiat would not be bh»wn over by 
a 30-pound pressure wind. The pier must then be given base enough to prevent its 
overturning and also enough to prevent any tensile stresses in its posts. '■^* 

On the open iron work piers of the average railroad bridge, the exi>osed area of 
each side truss of tin; ]>ier is roujihly estimated at 1.5 s(|uare feet" per linear foot of 
height. The inclined and horizontal bracing of piers and trestles is to be made 
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strong: enoa^li to roHist tlic HtresRert of all wind and ccntrifngal forces and of the 
resistaiu'es to hori/ontal nlidiiii; ou t\w fuinidutions, while the coliiiuns are to be 
made Htron^enou;;]! to carry tlie v«>rtii'al (>(>in]K>iiciit4 of the stress's due to wind and 
centrifugal forces, as well as the loads f>f the train, track, girders, and pier itself. 

(Ordinarily no allowances are made for any longitudinal wind stresses on the 
bridjje. The piers, however, n«'eil and reeeive lon<;itudinal braeing to resist stresses 
resulting from a longitudinal force of about O/iO'**' the dead load of the train Cor 800 
pounds per linear foot), due to a possible sudden application of the traiu^rakos, and 
this allowance is also expected to cover any longitudinal wind stresses; bnt usually 
the oidunins of the towers are not given any extra <tos8 section or strength to carry 
these infrequent stresses, since su<"h stresses will probably not occur during high 
wind or during f)ther maximum loa^ls. "" 

Where the end of the bridge slides on a bed]datc during exteUHion of the bridge 
nnder tcm]>crature strains, the stress of sliding Irii^tion is usually taken at 0.25 of 
the dead load on the bedjdate ; '°"- and sjieciMl arrangements may sometimes have to 
be made to take s]»«'(ial care of such htrrsses. 

In ordinary wrought-iron railroad bridges (in which the wrought iron has an ulti- 
mate strength of oO.lMX) jiounds per square inch, with a stretch of 12.5 to 18 per cent 
and an elastic limit of 'J<>,(X)0 pounds) the stresses "^" allowed per unit of structure 
are from 5,000 to O.CmK) j>oun<ls per sipiare in<'h of net area on tension lloor-beani 
hangers and other mem hers liable to iiTegnlnr and sudden strain; S,000 pounds on 
floor beams, stringers, and ])late girders; 15,0tX) pounds (»n tension nieces of wind 
and other lateral bracing; tK^HK) to 10, 0(K) pounds (reduced for lengtli) on compres- 
sion pt)Sts of lateral and other wind bracing; 7.500 to 8,000 pounds for other live 
loads and 15,0<H) to 1(J,(M)<) pnnuds tVu- dead loads, on tensicm chords: TjWK) to 8,000 
pounds for live loads and 15.000 to jr>,0<K) ])ounds for <lead hmds (reduced for length), 
on compression chords and posts of the main trusses; •1,(H)0 ))ounds for shcviring of 
web ]dates; and 7.5<H) ]M)iinds iVn* shearing, 12,000 pounds for crushing, and 15,000 
pounds for bending, (»f rivets and pins. The reductions for length, to be deducted 

from the above limiting stresses in compression pieces, vary from 30 -- to 40 - for ordi- 

II II 

nary live loads, from 50 tot»0 for wind strains, and from 00 - to 80 for ordinary 

dead loads, in wbi<:li / is the length of the <'ompress<-d piece in inches and r is the 
least radius of gvration of its section in incln-s. Xo compression member is allowed 
to have a length greater than 15 times its least diameter or width. Girders are 
given depths of trom one-tenth to one-twcltih their span. 

Soft steel may ordinarily be considered as from 10 to 15 per cent stronger than 
wrought iron, and medium steel Jis from 20 to 22 per cent stronger than wrought 
iron. "" 

Although the above repre^sents fairly the average pra<;tice of to-day in the dimen- 
sioning of bracing, there is a rapidly increasing tendency '""^ amongst bridge engineers 
towards determining the dimensions of tension and compression members of all 
trusses, including those of wind bracing, by the use of new formuhe, which take 
into consideration for each jdece its nlrinnite breaking strenjrth (b) under a single 
applied tensile stress, its limit of elasticity («?) beyond which a single tensile stress 
may produce a permanent set, its safe linnt for simple repeated srains ip) of either 
tension or compression alone, its safe limit for repeated reversal of strains (r) tVoni 
tension to cumpression, or rive rersti, and its maximum (m) and minimum («) strains in 
ease of simple repetitions of compression alone or tension alone, or its maximum (m) 
of thekiydof strain which is the greater and the maximum (n) of the other kind 
which is the leaser, in case of repeated revei-sals of strains. The rejictition limit has 
been found by exjierimeut to be a little less than the limit of elastitity, and at the 
same tijue to vary between one-half and two-thirds of the breaking strength of the 
metal; and the reversal limit (called vibration resistance byAVohler) has been found 
in the same way to vary hetween one-half and two-thirds of the repetition limit. In 
the case of an ordinary wrought iron whose ultimate strength, or ordinarj- breaking 
limit, is 50,(MH) pounds per s«pnire inch, the clastic limit may be about 00 per cent 
or 30,000 pounds; the rejietition limit about 52 per cent or 20,()00 pounds, and the 
revei-sal limit about 32 per cent or HJ.tKX) poun«!s. 

From the results of the experiments of Wohler and others (as published in 
1870 and following y<'ars), I'rof. Launhardt has deduced t'onuuhe of the form of 

«= "i'v^'^" „. " )ft»i* repeated stresses of either tension or compression alone; 

-1 /\ p-v n \ 
and Prof. Weyranch has deduced formuhe of the form oi h~— ^py*- - • 'p^^^) 
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forrexMMtiicl stroa!<CH of «ltj»ni:!t«> tonsion and compression; in wliirh « ia the snfo 
load, c is a constant of 8af«.*ty taken ii8iinlly at uhniit «ir>, and the utlier i^nantities 
sire :if} above di^scrihed; all values hcinp: iu the saiiio unit, nsnully poundH ])er H(]nare 
inch. 

lfp=z^- and v= 9, as in ordinary jcraden of wrought in»n, thm these formulie 

reduce to 

a= • t> ( ^ "I" ) foi' repeated stresses or either tension or c'0!n])reasion alono, 

»=-"-. o ( 1 — n . - - J for reiuiat«d stresses of aUernato tension and conipressioDy 
and • 

« = - . ft for unvarying dead-load stresses, 

8= • .J . & for repeated stresses of r<|ual intensity, if unreversed, and 

8 =— ' I for repeated reverst*d stresses of equal intensity. 

2 2 

If 7)^^ it- . '> and r = .1 . i>, as in some 8lroug«'r grades of wrouj^ht iron, then those 
»» «' 

forinuhe r«'duce to 

to y' 1 M \ 

- . ft ( 1 -|-o • - ) f«r simjde rejM'titions, 

O X M Wi •' 



S = 



1 *> / 1 
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. ft ( 1 — . • *' ^ for reijeated reversals, and 



8z=z . & for unvarying d«'ad-load stresses as hefore. 



<? 



1 2 
jr:= . ■ .ft for repeated stresses of equal intensity, if unreversed, 

Co 

«=^ • o * ^ for repeateil reversed stresses of equal intensity. 

In Ihe case of loun; struts, the safe load nnist of e(Mirs«* he lurther reduced hy the 
usual formula? a]q)lieahle to sueh ^'ases; either Ivriikiuc's or n<irdoii's, or that given 
in the precediu;^ ])aragraph. The use (if the*ie new f'ormuhe is therefore e(|uiv:d(rut 
to that of the old i'ormuhe inodiiied hy a variaMe roetlieient of sufely sueh as, in the 
most disadvantageous combinations of live loads, to an(»w on ordinary metal only 
one-fourth and <m the best metal only four-nintlisof the stress that would beallowed 
u])on it, if th<* stress were unvariable. Sueh formuhe set ni to be^ far better than 
those of the older method ibr the safe and a(lvanta«ieou8 dimensioning of the ditier- 
ent parts of trusses in ordinary work. The rennsylvania Kailroad formuhe for bridge 

trnsses may be deduced from the above by making />=, v ^^?, and c = 3.5; which 

allows no metal, even under quiet dea<l loads, to receive a stn-ss of over two-sevenths 
of its ultimate strength, an<l wliich allows metal under the worst combination of 
live loads (alternate and equal, tension and <omj>re>sion) to receive a stress of only 
one- fourteenth of its ultimate 8tren«;th. The ni()st serious objection that can bo 
made to these new formula* of Launhardt and Weyrauch is that they are deduced 
under tho 8U]>position that metal by rej»eated strain within the elastic limit is 
fatigued in the same geniMal way as when strained beyond such limit, a supposition 
that still awaits decided ]noof. 

Fidler,'"^ however, suggests that the results of the Wcihler experiments may he 
thoroughly a<rcoun ted for by the Avell-kn(»wj» hiws of dynamic action, in accordance 
with whieh a load instantaneously ai)plied will ])ro<luce stresses twice as great as 
will the same load if quiet and constant, and any iuhtantaneously apjdicd increment 
of load will cause an increment of stress <'qual to twice that duo to an equal incre- 
ment of t|uiet and constant load. In accordance with this point of view (whoso 
justness is very fully proved by him) Fidler has deduced fjjmiulje which he calls 
"dynamic" formuhe, and which (using the sann^ nonu;uelature as in the preceding 
paragraph) give: 

)M = tho stress produced by m acting quietly and constantly, 
2 »jr-:the stress produced by m acting instantaneously, 
2 (wi — ?i) = the stress i)ro<lu(ed by (m — w) acting instantaneously, 
w-f2 (w — m) = w-|-(w — n) ^~ the maximum strrss resulting from instantaneously 
increasing the stress from n up to wi. and 

**4-(l+'t) (w — w) "= v\-\-(\ (m — w ) -— the general ex]»ression for maxiuvww\'e\x^'*«'^*\w^&^ 
cases; a being a factor introducetl to allow foi v\>j\uv\w\vi wvWviw vA \N\v;> V^vt^^va Vcvx — x^^> 
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e<|na1 to 1 when the application is install taneons, to some intermediate valne "between 
1 and in ciise of graihial application of the force, and to only when the force id 
applied so ^radnally as to bo conHidenul quiet and constant. This "dynamic" 
forninhiarrangiHl for coui]>ari8oiL with the Lannhardt and Weyrauch fonnula^, there- 
fore hfcoinoM 

8=^--,b. "^ for all cases of varying stresses, the minus sign of n being 

e m-{-aim]-}i) 

used lor nnroversed and the plus sign f<ir reversed stresses; thus giving, 

ft=z , b for unvarvingdcad load stresst^i. 
c 

«= ..b,\ for repeated stressesof equal intensity, if unreversed, and 

c ' *" 

c 

for repeated reversed sti esses of oqual intensity; all of which are in perfect har- 
mony with thr rosuUs of the Widiler experiments. For ordinary use in bridge con- 
struction, the new ''dynamic '' formula takes the form of 

c 

in which A is the desired area for wvfe loading of the member under consideration, 
and the other (piantiiios are ]M before given; the minus sign of » being used us 
before for unreversed and its jdus sign for reversed stresses, and a being taken at 1 
for lloor be:inis (botli stringers and eross beams), tioor-beam hangers, web bracing, and 
all other pi<^ces subject to very irregularly and suddenly ap]died strains, being taken 
at intermediate values of from 1 to 0.5 for main girders of spans of from 2t) to KX) 
feet length, and at ().."> for main girders of (uxlinary spans of more than IfH) fectlength. 
This new ** dynamic " formula re<M»mmen<ls itself by itstliorough rationality, its com- 
parative simplicity, its easy adaptability to the varying conditions of actual prac- 
tice, and its division of the (dd single eoetli<*ient of safety into two distinct parts, of 
which one, c, depen<ls merely on conditions of manufacture, inspecti<ui, and acci- 
dent, and the other, </, de])ends(m the nnu'e easily foreseen conditions of applieatiou 
of its detinite rolling or live loads. It now seems (piite probable that this new 
"dynamic '' fornnila will before many years be used in preference to all the others. 
AVhenever either tlie new Lannhardt and Weyrauch formula; or the new Fidle 
"dynamic" formula' are carefully applied, it would however seem safe to diminish 
the coeilieient of safety from 3.5 to nearly 2, so as to utilize the strength of the 
uietal up to nearly its elastic limit, in the case of unchangeable loads, taking care ■ 

of course, to see that the maximum allowed load ( -■ ) never exceeds the minimum 

elastic limit (c) of such metal as might be expected to actually get into the 
finished structure, due allowanee being made for tlie ordinary nuevenness of manu- 
factured ))roducts, the ordinai'y ditt'erences between the results of tests npon small 
pieces and those upon full-si/ed members, and the ordinary failures of attempted 
careful inspection. 

Wind triissi's are, of course, subject to the same variations of tem])erature as the 
rest of the bridge, and must be arranged with due reganl to such changes. The 
usual allowaiu'e for elongation of iron is I inch ]>er 100 feet under 150 degrees tem- 
perature change. '"^ 

In analyzing the wind stresses in the laterals, it is well to consider the variuna 
wind loads as l»eing transmitted through intermediate parts to the points of iinnl 
support by such route's as require the least internal work, tliat is, routes such that 
the internal work d(me in ])rodueing strain will be minimum. ■'^^ In some cases the 
weakness or accidental lo(»sening of some pieces of the main or lateral girders may 
eause the stresses to be transmitted by unexpected routes, and to tlirow unuanaland 
excessive strains on other parts; and such opportunities must be considered and 
provided against if possible. 

INrKKENCES TO BK DRAWN FUOM PAST EXI'KRlEN'CJi. 

The above review of ])ast experiment and observation brings out prominently 
several features s]>eeially worthy of note. 

Tlie wind is now known to be far more powerful and also far more variable than 
it was credited with lieing in the early days of bridge building and of other euffi- 
neering construction; and the cost of safely protecting against it is so great that ita 

'** Sec p. 409, I>u Bois. w ^t© ^. \^Sft, .A vAxtxwou. 
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exact power and variation is of far more importance now to engineers than ever 
before. 

The discordant resnlts so far ohtaiucd from the cnj» rotary v«'locity anemoinritcrs 
and even the ordinary small phito jircssurc anemom«terH stiow that more accurate 
instruments are necessary bcfon^ their rj'conls can ho mueli utilizi'd in the accunite 
dotermination of actual wind veloeiti<rs and wind pressures. At jiresent their 
records must be reduced by from 10 to M i»ur cent lu-fore 1h«' re.sull« of the velocity 
and primsuro anemometers will be in accord with thosuof otlior more accurate app:i- 
ratUH. 

The normal pressure of the wind on the ends of cylinders of somewhere about 3 
diameters' len^xth is unanimously considered less than on eithiT lon<;er cylinders or 
on shorter cylindersor on thin plates of the same brad surface. The iucreat<ed pres- 
sure thus aclknowlcd^ed on short cylinders and thin phitcH iH generally comsidered 
to be due to the partial vacuum which iH formed by the rush of the wind away from 
behind the short cylinder or plate; and thoreibre will diminish with any convexity 
or pointing of the front head that reduces the scattering of the striking wind, or 
with any convexity or pointing of the rear suiface that will fill up the place other- 
wise occupied by the partial vacuum, or with any arrangement (like that of numer- 
ous small holes all over the front plate) that will allow a little air to go through the 
plate in quantity sufhcient to reduce the partial vacuum. This ])artial vacuum 
must also be dependent to some extent upon the ^sha))eof the perimeter of th(>]>late. as 
well as upon t\ui ratio of the perimeter to the area of the plate : but the amount of this 
effect is evidently small^ or its general elie<t at least woulcl have lon;^ ago been set- 
tled beyond question. Combining the n>sults of experiment with tlie ideas of theory, 
it would seem probable that for each ditl'erent velocity of the wind there is soine 
ratio of the perimeter to area of plate, at Avlii<;h the partial vacuum ])cr unit of Kur- 
face is a maximum; so tint t for a given velocity of wind, the pressure ])er unit of 
area will be leaHt for both the largest and smallest snrJ'a(!es and greatest for somo 
intermediate area. 

In only one case (that of Crosby, 181K)) has experiment indicated results departing 
markedly from tlie Newtonian law that the normal pre^sure of the wind is directly 
proportional to the square of the velocity; and consi<lering that this result, is not 
continued by other experiments (those of Lungley, 1890) with more jierfected apj»a- 
ratus at very nearly the same hiuh velocities, it would a])pear that we ninst continue 
to admit the Newttmian law of variation ^^ ith the square of the velocity, at least 
for the present and nntil it be disproved by the concordant rcsult-s of many experi- 
menters. At the same time, it is evident that any future change in the old formula 
is to be toward a reduction of the pressure and not toward its increase. 

The difierence between the results of moving air on still plates and of moving 
plates against still air, which should be nothing, according to theory, l)ut whit^h was 
in the Hrst place very considerable, now seems to be ra]»idly diminishing as <^xi)eri- 
mental apparatus is perfected, and as the errors ol such ajiparatiis hectune better 
known; so that it is to-day quite probable that this difference will soon be proved 
so small as to be practically nothing. 

The extensitm of wiud-jjresHure formuhe to other conditions mark<?dly ditferent 
from those under which these formuhe were deduced is now jiretty well admitted to 
be unsafe; and conse(iU(^ntly the real pressures of wind at high velocities is still a 
matter of considerable doubt, even upon sujall surfaces, and still umre upon very 
large surfaces. The best that can be don<' under sueh (dreumstances is to tem])ora- 
rily accept the best established results of the past, <diecking ihem as far as pos.sible 
with outside collat^iral evi<lcnce, and to stand by these results while endeavoring to 
secure others more satis facttjrily proven. What is n<iw neede<l is observation of 
actual wind]»ressuresat high velocities on large surfaces, sindi as actual large houses, 
sheds, or bridges, witli measurements of the actual pressure, (»r detlection, or oscilla- 
tion thereby produced, and com])arison of these results with measurenuMits of llio 
actual wind velocities (d»tained by some metlKKl more certain than that of the ordi- 
nary instruments of to-day. * 

The component and resultant pressures U])on circular and stiuare inclined surfaces 
seem already known well enough for all practical jmrposes (see Ducheuiin. Laugley) ; 
but the diminution of this pressure per unit of area due to the increased hfligtii of 
sueh surfaces in the direction of the wind still needs much further investigation. 
About all that is as yet definitely known as to this diminution is that under small 
angles (less than 30 degrees) of inclination of the plate to the wind, the Ibrward 
portion of the plate so diverts the wind that the rear ]n)rtion of the plate does not 
receive as much pressure, nor otler as much resistaine as if it stcxnl ahuie: while 
under high angles of inclination, the effect is sometimes apparently reversed (see 
Lnngley). 

When the wind is so cornered that its free escape is imi)0ssible, as when it blows 
into the open side of an otherwise closed house or shed or s])here, then the mass of 
air thus cornered naturally acts as docs every fluid under B\i^Vv<i\\^vv\v\^v^.\x.v:.^'«i>'s»^^ 



62 

Uh prcBHiire, is practically oqnalized in all diroctioiig ami is (lireet«*(l normally to all 
itK coiitiuiu^^ surf'ar-os. IIcih'c. uiulcr such circniiistaiict's, it is ahlu in ninny castas to 
lilt rool's aii<l l»lf»w' out sides <»!' l)iiiUliii;<;s, tlial an* paralli'I. ur oven Bomewliat 
inclined toward, tin- general direction fif iho wind, and in tJiis way t<» exhibit a 
force wiiich at lirsl flioiitjlil Ji]»pears far in excess ol" tliat actually exerted. 

Tlie i)ressnreH upmi, and resist jiini«s of, spii<>res, cylimieis, cones, pyrnmids. ciipB, 
etc., are not yet as well determined us desirable, tbe results <>t' various cxporimenta 
diflerin^ sometimes by 50 ]^iT cent oftln* corresp<uidiii^ normal pressure upon tlat 
Burf:H'<.'8 of the saun* area. In many cases, bowe\er, tliis ditb-rcnce is due to w:iut 
of elearnoss in tlie stat^'uients of Miti (*xperiinenters, some of whom refiort the total 
normal pressure npou the surface itself, while otiiers report only such coiuponeiit of 
the pressure as is ))arallel to the dire«.'tion of tin* wind and which therefore repre- 
sents the resistam-e of the surface to the wind's motion. In such eases it is usuully 
well not to adopt extreme reported valu(»s. at lea^t not iiutil the aeeiiraey of their 
report has heen fiirtimr checked by <'arefu2 examination of tiie original records or by 
comparison with thostt of other experiments. 

The extent of shelter ;riven by one body to another adiatriMit body Jit it« side or in 
its rear, as Avell as the int:reased pressure? that <*au be tlirown ii]>on <mo body by the 
ni^ar jn^-sence of anotiu'r body, is something as Xo whicli the results of i»ast expeii- 
imfnt show wido <lifrerences. In both eases not only the form but also the rough- 
ness of the two bodies should be considered as materially atfectin^ the results. 
Still, such results as are already attaiu<>d an^ yet of eouslderabb; value, though 
much furtln^r careful iiivesti;{ation is desirable. 

Ari'LHATlON TO imiDUKS AND OTIIKIt KNCJINKKIMNCJ STRUCTURKS. 

In reviewing the above ex]>eriments with res]>oct to their a]>]»Iieation to bnildinj^ 
construction, and weij;hin;; the value of ea<'h observ<;r's results. aecordin$r to the 
cirenmstaiu-es of their method ami records, it would seem that the following arc 
safe de<lnctions: 

As t^> meteorological r<M*ords, all maximum win»l velocity reciU'ds of the ]»ast 
derived from the use of the ordinary cup rotary auemometer whose constant of 
reduction is :> (almost all those prior to [Hl'A, most of those ]irior to 18?<."), and even 
many sim-e) should In* nMJuce*! at least -i) per cent for 'M) mile velocities and j»er- 
haps a little more for hi«rher velocities, to correct for the now known past error in the 
constant-s of the apparatus (see Terrel and Aldie); and even after such correct i(»ii 
all these records may have to he still further reduc«'d Id ]»er cent on aeeonnt of tin* 
nnevennessof ordinary and hijijh winds isee Lan^^lcy ami Korth brid^jje exp(?rimen's) 
to jjet theaveraji^e wind. Ibit on the other haui), it is to be rememlx^redthat all liijiili 
wind velocitit's (see l.j'^ivjlt^y. 1?^1'^5 experiments) may be subject to repeated oscilla- 
tions of from i>t) to lOjier « «;nt ea<*h way from the averai^e at Jialf minute intervals for 
several minutes, and hometimes even to an increase of tJ') jier cent tor nearly a whob^ 
minute; so that it is not unreasonalde Ut assume the veIfK'iti(>s of oc<*asioiiaI ^iists 
to be as hi;^h as those jjfiven by the unreduced ncords of the ordinary cup rotary 
anemometer (estimatiiiix tlu^ wind velocity as three times that id' the cups), and to 
assume the stea<ly wind velocity durin<; the same time as md over 0.70 of that ^ivoii 
by the same records. A;^ain. all maximum small (s.iy 1.5 stiuare feet area) ]>iato 
pressure anemometer records (see Forth bridi;** <*xperim(»nts) slmnld bt; reduced at 
least from 3Gtoll)i>er cent in<irder t(»;;ive the eorv^sjuunlin^ maximum ]ires.sures on 
lai'f^e surfaces of 'MH) sipiare feet area, and about H) ]>er cent more to allow for tiie 
etVei'ts of ^usts or somethinix else; so that on brid^jres and houses, it is not unreason- 
able to assiinn.' the a<*tual maxinium wind pressure of ;:i:nsts as not over t).l> of that 
re>;istered by the oriliiiary small ]date. yu'essure ^anue anenuuni'ters, and to assiimo 
the actual steady wind ])ressure durin<; the same time as not over 0.!$(i times that 
^iven bv the same re»'ords. 

As to the direct relarion of wind veloeities to the corresjiondinu wind ])rC8snro 
uj)on thin plates, normal to tin* wind. 'it seems leasonaMe to as'^ume this lis given, 
for free/ini»:t«'mperatnres. by the formula (see Lan;L(ley, 1S!»0 exp»-rimentsj p:s= O.tKXiU 

_ '■- 
r--^.i .„ (or K 1.11); ill which j> is in pounds per sipiare fo(d and v is in miles per 

r- 
hour. For cold winter storms this would become p ■■-.- 0a^\'A »'- := .,.^.-. pjiving 

result in^j; ]»ressnres as folbnvs: 1 pounds ]>ressure tor 110 miles v<'!ocity, 7 jiou; ils for 
•10 miles. 11 ]>ounds for 50 niijis. 15.5 for tJO miles, L'l poun«ls foi* 70 Fniles, 27.5 for 80 
mih's. :rj for PO miles. 1;» ])ounds for IfH) miles. 5l* jumuhU for 1 lo miles, (»2 ])oiind8 
fi»r 1-0 mih's. T* p«»iinds for IMO miles. Si pj.umls ;'or 1 lo miles, and!*? ]M>unds fi>r 150 
miles. (While some e\i»crimeiits slmw very decididly that the jiressures are no 
;iieater than the abo\e, yet in view of the exj)crimi?nt» made by Lan^ley at nearly 
Jtif lii^h velocit'w8 us the others and under more favorable cuuditious as to the whirl- 
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ing table, it does uot seem wine to adopt tho If^sHor pressures uutil coiifinned by 
further experiment.) 

As to pressure on thin inclined surfaces in terms of the ])re8snre of the same wind 
velocities on thin surfaces normal tiiereto, these pressurt's seem best expressed by tho 
formulio — 

2 sin -a 2 sin a cos a _ 2 sin « 

^ i + bin -a' ^^ 1 + sin *a ' ""*^ ^^ ^ 1 -f sin -a! 

in which H is the component parallel to tho wind, L the lifting, depressing, or side 
movinj; component i»erpendicnlur to the win<l, and S is th« normal pressure on the 
inclined surrace (sec ])u<!l)emiii and Lan^lev). TIknsp values ^ivo // — : 1.00, /> .^ 
0.00, .V= l.(H> for a ^ 90 ; // = 0.<M, L - - ().:l>. A 1.00 for a = 70-; H z^ O.S<i, L 
— 0.43, .V^ 0.1)9, for a = GO^ ; and // -^ (Mw, I. -- 0.i>7, .y--^0.9l for rt_4r>-\ (For 
values at intermediate and other anj^Ics, sec und«T pn^vious heading of Kncyclo- 
pH^dia Hritannica, 1880.) 

As to tho pressures parallel to the wind U])(»n solids and curveil surfaces in terms 
of the j)re8sure of th<? same wind upon thin surfaces normal to the wind, these pres- 
sures seem best expresse<l as folhiws: IH) ]K"r cent on cubes turned either square or 
e<lj?ewise; 80 per cent «m the side of octagonal juisms; 70 per cent on the cuds of 
cylinders of 3 diameters (or more) leuj^th ; (K) pir cent «)U the outj*i<le of cylinders and 
40 y)cr cent on the outside of spheres and det'p cups (th(* pressures on convex 
surfaces beinji: suhje<'t t<» as much as onc-tifth iiu-rease in case of their close prox- 
imity to any single ]daue surface which mij^ht ]»reveut the easy How of the wind 
around the cylinder) ; l.lf) to 1..S0 per cent on tlie eoucave side of cylinders, chnnnels, 
and flat cups; and l.;i0 to 1.70 on the concave side of spheres, and deep cups. 

As to the ellective surface of resistance of lattice work and jfjratin^s it is to be 
remembered that the lirst result of scatteriuj; a ^^n-at number of very suuill holes 
over the surface of a lar^e thin ]»late is to allow tlic wind to ^o through tlui plate in 
snilicient quantity to reduce tlu^ partial varuum otherwise existinjj on the haek of 
the plate and thus to immediately reiluce somewhat its total n-sistance, so that this 
reduced resistance will jirohahly uot be much ;;:r(ater than that of a cylinder of 3 
diameters length, after whicli the eular<jeuient of the hol<;s tends nuu-ely to (rhauji^o 
the comlitirm iVoiu that of a Kin^x'^J hnxc isolated ]»late to that of a larjije numher of 
individual suuill plates touch iu;r on two sides only. Moreover, as lou«; as each open- 
ing is of small dianu^tcr and the total front area of the openings is much less than 
the total front area of the solid parts, the wind jjassiug through each opening is in 
the condition <»f a contracte'd vein of tluid, and the ellective area of resistanci^ to 
its How is much greater than the totul front area of tho solid parts of the lattice. 
On the other hand, when eath oi)euing is of large diann*ter and the total front 
area of the openings is very ujuch greater than that of the solid parts, the con- 
traction becomes comparatividy very slight and the effective area of resistance to 
it« How api»roaehes very nearly that of the exact total front area of tho solid ]>arrs 
ahme. From this point of view and in fair accordance with the theorem of Gaud- 
ard (see Fidler") and the experiments of Kernot (see Kcruot), and in default of mon^ 
accurate knowledge, it would seem reasonable to assume the eft'ective area of a half 
open or very open lattice to be at least espial to the front area of its solid ])ortionB 
]dus a]>ercentage e(|ual to the ratio of tho frontage of the solid portions to the front- 
ago of the entire lattice (opening and solid portions Together), that is to say. plus 
1 per cent if the frontage of the soli<l ])arts Avere cuily 1 per cent of that of the 
whole lattice, by 5 i>er <<?nt if the frontai>;e of the solid ]»arts were 5 ]>er cent of that 
of the whole lattitre, and so on, until, when the frontage of the solid parts equals 
the frontage of the oj)euinys, the total clVective area of resistance of the lattice 
would be 150 per cent of the frontage of the solid ]»arts, or 75 per cent of the frontage 
of the entire latti<re, after which, as the area of the openings <liminished and as long 
as the openings were larne enough to prcv(nit the formation of a ])ar1ial vacuum in 
rear of the lattice, the elleetive area of resistance of the lattice would renuiin ]>rac- 
ti<-ally constant and neither much more nor much ]««ss thiin 75 per cent of its total 
front area. In case that the ratio of oj»euings to solid parts in a lattice is not tol- 
erably uniform overall the different ])ortions of the lattice, then for ])urpose8 of 
exact computation of its etfective area of resistance against wind ]>ressure the lat- 
tice should be divided up into sections muh that the above ratio shall bo tolerably 
constant throughout each separate; section, and each se«.tion sh(mld then be com- 
puted separately; after which the results may be combintrd as may bo .ju»lge<l best. 
VVhile the above rule is thought to be as accurate as present (lata will justify, further 
experiment m this direction seems very desirable. 

As to the elfective shelter of one surface by another, or the incrcas(?d pressure 
thrown upon one surface by tho ]>roxiniity and position of jinother, their nuKnint 
must depend greatly ujion the shape, form, smoothness, and position of each surface; 
so that only the most general rules are i)ra<:ticablcanjl these must btMuodilU'A \v<5l^vv\.^- 
Ing to the local circumstances in each parliculac viviAVi. 'W^nj^ \.vJy\vi>Mv\v^xv\>t'*.^vs.vs,\3x\>:k 



64 

go fully ns far as is anthorized by present knowledge, and are given more as sag- 
gostioiLs than as act tin Uy ])roveu factH. 

A Hat plate may ltav(.> its own cttertive area of resistance to the wind considerably 
diminished by th'o ])resence of another larger parallel flat plate directly in its rear, 
so long as th<> distan<'e between the two juatos is not greater than once the least 
width of the rear and hivger plate, this diminntion amonnting in exceptional cases 
to as mii(*.h as 6() per cent of the normal resistance of the front plate or 30 per cent 
of that of the roar )datc; but in snch case the resistance of the rear plate is also 
diminished so tliat the total resistanci; of the two plates is not much if any greater 
than that of tho roar and larger plate if standing alone. As the distance betweeu 
the ])latcs is increased the resistance of each increases until when the distance 
between the two plates becomes from three to six times the lea^t width of the front 
plate, then the resisttnice of the two ])Iates together becomes practically what it 
would have been if each of tin^ two ]>Iates had stood entirely alone. On the other 
hand a tiat plate may have its own e(V(;ctive area of resistance to the wind slightly 
increased by the presence of another smaller parallel flat plate in its rear^ so lohgns 
the distance between the two ]>late8 is not greater than once the least width of the 
front and larger pbit4\ this increase amonnting in exceptional cases to perhaps as 
much as 20 per cent of the normal resistance of the rear plate, or 12 per cent of that 
of the front plate; but in such case the resistance of ttie rear plate is reversecl so 
that the total resistance of tlie two ]>lates is not much if any greater than that of 
the front and larger plate if standing abme. As the distance betweeu the plates is 
increaseil the resistance of each increiises, until wlicn the distance between the two 
plates becomes from three to six times the least width of the front plate, then the 
resistance of the two plates together becomes practically what it would have been 
if ea«'h of the two ]dates liad stotxl entirely alone, if tlie two plates be connected 
together by web plates at their center r>r side so as to form an I beam, channel beam, 
or hollow beam, the web plates being in each ease solid surfaces parallel to the 
wind, the total resistance of the combination will remain practically unchanged in 
the case of the I beam, will be reduced to about that of the larger plate alone in the 
case of the hollow beam, and will be about half us nuich reduced in the cose of the 
channel beam. The almve rnlcs aj»ply of course only to the case of winds normal to 
the front surfatres of two plates whose centers are in a line with the motion of the 
wind. Cylindrieal and spherieal plates may shelter each other in similar man- 
ner, but t*) a very nnn'h less extent; but it does not seem probable that either the 
front or rear shelter of convex smooth semicylindrical plates will extend to more 
than one-half the distance nor niQre than one-half the amount of that produced by 
Ibit ]»lates. With convex, smooth hemispherical plates the shelter will probably be 
less than one- third that of flat ])latc8. 

IMane surfaces, parallel to the wind, placed at the sides of either flat ]dates or 
convex suu)oth cylindrical plates may greatly diminish or increase the resistance of 
the latter according as they assist or obstruct the flow of the wind around the edge 
of the ])late8. If put in front or in rear of plates and opposite their center lines the 
efl'eet will be practically nothing; if put on the sides of flat ])latcsand in their front 
the resistance of the j>lat«^ may l)e slightly increased, and if in their rear it may be 
slightly diminished; if ])ut on the sides of convex cylindrical ]dates and in front the 
resistance may be increased u]) to that of a flat jdate under similar circumstances, 
lint if in their rear it nuiy be slightly diminished over what it was before. Cliaunel 
bars and concave semicy]iu<lrical bars avIH usually otler at least as much resistance 
as Hat bars of the same front, an<l ])crhap8 more. 

Plane surfaces, normal to tlie wind, snch as fences or para])ets, may also, by their 
proximity to other surfaces also normal to the wind, cithe,r add to or reduce the 
resistance of the latter surfaces according as they deflect the wind away fVom the 
latter stirface or as they obstruct it ]>assage around the latter surfaces. In snch 
eases, however, the combination of the two surfaces acts usually as a single inclined 
rough surface of considerable d(q>th, and should be treated accordingly. 

The advanced portions of largj- surfaces nearly parallel to the win<l and long in 
its direction often serve to a considerable extent as a shelter to the retired portions, 
in which <^'^S(J the advanced portions may receive more than their average share of 
(he entire ])ressure, and the retired ])ortions very much less, so much so that the 
t^^tal pressure against snch a surface, which is long in the direction of the wind, may 
be much less per unit of surfacre than if the surface were wider and less deep ; in other 
Avords, may act toward the wind nnich the same as a convex cylindrical surface, so 
that its total resistance will be less than that of a normal plane surface of the same 
frontage to the win<l. On the other hand, if snch surface be nearly normal to the 
wind it uuiy act much the same as a concave cylin<H'ical surface, so that its total 
n^sislanco may be a little greater than that of a normal plane surface of the same 
frontage to the wind. If. however, the plane surface is long across the wind and 
short in the direction of the wind^ the preceding results may be reversedi so aa wlieu 
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nearly normal to the wind to act like a convex cylinder, and when nearly parallel 
to the wiiid to act like a concave cylinder. 

Gratinffs and lattices afford shelter to ohjects in their rear in much the same way 
as do soud plates, though to a less extent, largely dependent upon their greater or 
less solidity. The sheltered object is exposeo, firstly, over its entire surface to a 
reduced wind pressure from the wind that comes through the openings of the grat- 
ing, and, secondly, near its edges (and sometimes nearly everywhere) to a nearly 
fuD wind pressure from the wind that swings around the outer edges of the grating, 
this first pressure being at least equal to such a percentage of that on the grating 
as represents the ratio of the effective area of the openings to the full area of the 
grating, and the second pressure being at least equskl to that which would exist if 
the grating were replaced by a solid plate. Consequently, in default of nior» accu- 
rate knowledge, the rear surface (whether solid or open) may reasonably be con- 
sidered as sheltered by the front grating only to the same extent as if this grating 
were replaced by a smaller solid plate whose frontage was equal to the offoctive 
front area of the solid parts of the grating. Where the grating is not uniform in its 
openings it should be treated as composed of several smiJler gratings, each of which 
is practically uniform as to its openings. 

From the above rules it is fairly easy to deduce the approximate wind pressures 
upon the different parts of a bridge or other engineering structure by taking up 
each part in detail. In this application, however, it is well to bear in mind the 
modifications due to diagonal directions of the wind, that is, to those not exactly hori- 
ontal and not exactly normal to the bridge axis. It is hardly necessary in modern, 
well-stiffened ordinary and long bridges to consider any uplifting wind pressures on 
the bridge, for general observation testifies to these being of small amount except in 
peculiar gorge-like localities or during cyclones or tornadoes. Even in such cases, 
all that is apparently necessary to the safety of the bridge is to so arrange the floor- 
ing that it may be torn up from the floor girders by the wind before the upward lift- 
ing wind strain becomes great enough to throw serious strain upon the main bridge 
girders or trusses. In the earlier-built suspension bridges, which were very lightly 
Duilt, whose suspension cables were not cradled, and which were not stiffened by 
diagonal stays, the roadway was so easily disturbed from its normal position by 
slight movements of roUingloads that it was in a state of constant undulation when 
snbjectcd to even light-traffic loads or moderate winds. Under such circumstances 
winds slightly inclined upward from the horizontal could easily send undulations 
across the bridge and bacK and put successive portions of the roadbed in positions 
inclined to the norizontal enough to allow the wind pressure to lift the roadbed on 
its windward side and to thus throw greatly increased pressure upon the leeward 
main cables. This might even happen in case where the main cables were cradled, 
provided the diagonal stays and stiffening trussing were omitted. But in the modern 
suspension bridge, using both strong stiffening trusses and strong diagonal stays, no 
such action need be feared. Downward preHsing winds are of still less frequent 
occurrence and still less force and therefore need not be considered at all. The 
greatest wind pressure upon the ordinary bridge will therefore come from horizontal 
winds, and the greatest strain upon the bridge will bo naturally from such as are 
either normal to the axis of the bridge, or nearly so. However, as the wind may be 
inclined 20^ either way from the normal before the normal pressure on the suiface 
diminishes perceptibly, 45^ before it diminishes as much as 6 per cent, and 60^ before 
20 per cent, a diagonal wind, by blowing in behind the front surfaces of vertical and 
diagonal bracing of all vertical trusses and by thus reaching all their rear and other- 
wise protected parts, may throw on the bridge a much greater strain than that due 
to a normal wind. Therefore, if the strain on the bridge be computed from that of 
a normal wind, the effective area of all vertical trusses must include at least all 
surfaces that may be reached by diagonal winds of about 45^ angle. This of itself 
will therefore usually prevent the necessity of considering the question of any pos- 
sible shelter afibrded to each other by paired tie-rods or other verticals or diagonals, 
in the vertical trusses. 

As to the inequalities of the winds, that is to say gusts, and the sudden pressure, 
thereby brought upon the bridge, it seems reasonable to assume that such gusts 
will not extend at one time over more than 600 to 1,000 feet length of any bridge, 
and that sncn pressure should be treated like any other live load. However, it 
should be borne in mind that the maximum pressure of gnsts during storms of maxi- 
mum intensity will occur so rarely, and the strain of the metal will therefore be so 
alight that in such cases it is reasonable to allow the stress to reach very nearly 
the elastic limit of such metal. Moreover, it is necessary to bear in mind the fact 
that before any gust can act upon the wind bracing of a bridge, it must take the 
time and use up the energy necessary to overcome the great inertia of the bridge, 
this inertia moreover increasing very rapidly with the length of the bridge span. 
Consequently in long bridges, where periodic oscillation of the bridi^e \\a&V^'9^^<^:^v?^ 
provided against, it would seem that wind pieaaux^^ '^ovvVi^Xi^ ^jsx^'^ ^^«sSS^^^^<s^ 
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by allowing for first a «lejul-load wind pn^sHure equal to the avcra<?e steady presanro of 
lii;«;h winds over tb<* entire eiVective area of the bridge, inereased by a live-load wind 
pressure ecpial to tbe a<lded effect of lU) per cent added wind velocity (or 70 pi-r 
cent added win<l pressure; over from GOO to 1,000 feet length of the bridge; and that 
tbe value of tbe wind velocitieH may be taken at 70 or iK) per cent (" according as the 
anemometer constant is 3 or 2.8) of tbe maximum of the ordinary cup rotary 
anemometer records of the neighborhood, converted into wind pressure by tbe use 

of tbe formula J) =^ \ ^ ---O.OOl:? v-; or the vnlucof the wind pressures of gusts on the 

mm •9*9 

large bridge surface nmy be taken at 60 per cent, and the average steady wind on 
tbe bridgt^ at 36 per rent of the nuiximum of the small plate pressure anemometer 
records of tbe nci;^lib(trbc)i»d. Acting upon this basis and the records of 1868 to 
1881 of tbe Bidston Ohserviitory, long bridges near that observatory should be 
l)repure<l to resist tlie tbeoreti(:il pressure duo to steady Avinds (computed at 0.9 of 
tbe veloi'ity anemometer reeords.i of as much as 83 miles per hour once in nixt^eu 
years, of S3 to 6t miles perbajis once per year, of 64 to 54 miles perbaps twice in one 
year, and of less than .>! miles at shorter intervals; or to resist steady ])re88nro« 
(comi)uted at 0.3t» of the small-plate pressure anemometer records) of from 33 to 29 
pounds per square foot twiie in sixteen years, of from 29 to 18 pounds perha]>A onc« 
])er year, of from 18 to lo pounds perba}>s twice in que year, and of less than 15 
pounds at shorter intervals; or to resist steady pressures (as deduced from velocity 

anemometer records and the formula ji=^.*'\ ) of as much as 30 pounds once in six- 

teen years, of 30 to 18 pounds perbaps onee per year, of from 18 to 13 pounda per- 
haps twice in one year, and of less Iban 13 ])ound8 at shorter iutervalR; so as to 
nuike necessary an allowance of at least 30 pounds per square foot steady wind 
]>ressure over the whole bridge front, and 50 pounds per square foot gusty-wind 
prebsnre over from 600 to 1,0('0 feet length. These same limits appear largo enough 
for all ordinary localities in the Tnited States, excej»t in those regions where occa- 
sional tornadoes are to be naturally expected and specially provided for. 

The computation of wind stresses and bracing ux>on a long single-track railroad 
bridge, adapted to the heaviest trains, and having panels of 25 tect length and 28 
feet dei>th and spans of 1;;0 feet bingtb. woubl therefore proceed about as follows: 

Tbe effective wind area of tbe roadlie<l (including the guard rails, ends of the 
cross-ties, and track girders) may bo obtained by treating the fronts of tie ends as 
forming a continuous grating with a 75 per cent coetlicient, the front guard rails as 
sliort solids with a DO per cent eoejlicient, tbe front track girders as H beams or short 
solids with a 90 per cent coeili«Ment, considering the lenglii of the ties as of nentral 
elVect, considering the reargmird rails as unslnltered, and considering the roar-track 
girders as adding about 10 per cent to the area of tbe front girder; so that the total 
effective resistance of tbe roadlied per foot length of bridge may, as a rule, be taken 
at about 2 square feet for tlie two guard rails and the ties, and about 5 square feet 
for tbe two track girders, or about 7 square feet in all. 

Tbe elfefttive wind area of tbe uiain girders or trusses of the bridge may be obtained 
by treating ea(;h of its round vcitical or diagonal tie rods as a cylinder with a 60 
jK-r cent coellicient (none of ihein cousidereil as receiving or giving any shelter to 
the other), each of its vertical or diagonal tie bars as a tlat plate witn a I(K) per trent 
coethciont (none of them eonsidert'd as receiving or giving any shelter to the other), 
eacb horizontal bar or pi a t<.' (at S or niorebrea<lths distance in front of or behind 
anotlier) and eacdi gi'oup of horizontal tiebars or plates (one behind the other and 
■witbin two brea<ltbs distance of tln^ brf»adest plate) as a single plate of the breadth 
of tbe broadest with a 100 jut ceut coeOicient, each group of horizontal tiebars or 
tie plates (one behind tbe other and witbin about 4 breadths distance of the broad- 
est plate) as a single plate oi' the bn-adtb of tbe broadest and with a 150 per cent 
coelUcient, square solid-sided hollow Ix.'anis as short s<)lid8 with a 90 per cent coeffi- 
cient, I beams and square latti('('-si<bMl hollow beams, when horizontal, as a single 
liat ])late with a 100 jier crni <(M'llifient, tijc same I and lattice beams when vertical 




plates of tbe size of tbe gnattsst cross section xiarallel to the track with an 80 per 
cent coellicient, rou«;b surfaced cylinders as octagonal beams, smooth surfaced cylin- 
ders, and wire ropes, and wire-wrajiped cables as cylinders with a (»0 per ceut coelli- 
cient, horizontal cylinders as ermjpletely sbeltering other similar cylinders touching 
them in tlu'ir n-ar and as ;,^iving TjO per cent shelter to those at 2 diameters distance 
and nr»tliiii.u: at i diameters distance, v<*Ttical and di igonal cylinders and octagonal 
l)ost.s as givingno sludter to others in their rejir, and ilie rear main girders or trusses 
(if Jiittico \voTk or low solid work) as receiving no sbelter from front girders or 
truaat'H, hut both i'vout iind rear trusses bem*^ co\\>iu\v!T\id blr sheltered by so miio1i-of 
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ilie track j^inlcrs (or Ktriii«:^er8) as may l>e directly in front or rear of tboii actual 
eurruct's; so that the total ert'ective area of resistauce of the main girders may hv 
assumed per loot leD<jth of bridge at about 0.8 8(|uare feet for each teiinion chor*!, 
about 1.4 square IVct for each compiession chord, about 1 8(inare foot for both diajr- 
onals (after oue-sixth reduetioii Jor shelter by track girders), about 1.5 square; Its t 
• for each post (a fler one-sixth reduction for shelter l>y track girders), or about 4.5 
square feet for each girder, or about 9 sqn:ire feet for both girders. 

The effective wind area of the two trusse.s of the horizontal bracing of heavy 
bridges (so far as not already pntvided for above) may be taken at that of the diag- 
onals of a single truss, one truss being usually entirely Hheltered by the compnission 
chords of the m.aiu girders, the other truss, however, being where its po.sts are shel- 
tered but its diagonals unsheltered; and these diagonals may be treated as short 
solids with a 9i) per cent coi»flicient; so that the total ell'eetive area of the horizontal 
bracing per foot length of bridge m?iy be assumed at about 0.2 square foot. 

The effective wind area (duo to diagonal wind i)reH8ure) of the vertical sway brac- 
ing maj' be taken at that of the diagonals alone, the other pieces either btang shel- 
tered or already provided for above; and the.se diagonals may be treated as cylinders 
with a 70 per cent coeflicient, and as not sheltering each other; so that the total 
effective area of the sway bracing per foot length of bridge may be {issumed at not 
over 0.05 square foot. 

For a heavy single-track railroa<l bridge, the total effective area of wind resistance 
may therefore amount to 7.0 -(- 9.0 -(- 0.2 -f 0.05 = 16.25 square feet per foot length of 
bridge. 

For double-track bridges, the effective wind area of the roa<lbed will be increased 
about 40 per cent by the presence of the added guard rails and track girders, and 
the effective area of the other parts of the bridge will be increased about the snm^^. 

Eercentage by the tulded size of each piece ; so that unless specially computi'd (as, 
owever, should be done in each case in the final revision of plans) the effective area 
of the double-track structure may be taken approximately as 40 per cent greater 
than that of a single-track bridge, or as about 23 square feet per foot length. 

The ett'ective wind area of the piers or towers may be determined in the same gen- 
eral way as that of the spans, being e^iual to that of its front truss, its rear truss, 
the front surface of its various platforms, and the front surface of the diagonals of 
it« sway bracing; so as to amount per foot height to fully 2.5 Sfpiare feet per corner, 
or 5 s<}uare feet per front or rear side, or 10 sijuare feet per foot height for the entire 
pier of a single-track bridge, or 15 square ftet per foot height for the entire pier of 
a double-track bridge. In calculating the stability of a ])ier against wind, it is to 
be remembered that the piers are held down upon their foundations by not only their 
own weight but also by that of their share of the bridge and its load, and that they 
are pressed laterally by not only their own wind load but also by that of their share 
of the bridge and its load. 

The effective wind area of trains may be determined by regarding the train as 10 
feet high with its bottom 2.5 feet above the rails and treating it as a short solid with 
a 90 per cent coetiicient, and considering it as sheltering its own height of the verti- 
cals and diagonals of the two tnisses and all trjiins in its rear; so that the added 
wind area due to the train will be only about 7 to 8 feet per foot length of bridge occu- 
pied by trains. This load, however, must be regardotl as a moving loa<l, traveling 
gradually across the bridge. As some car of a train would probabTv be blown over 
by an 80-mile wind and as a train, therefore, would not enter the bridge at such time, 
it is not necessary to consider the wind pressure on the train at times of maximum 
wind velocities, although such train area should be considered under the gusty effect 
of moderate winds. 

In suspension bridges, the effective area of resistance of the main cables and sus- 
penders may be obtained by treating each main cable as a cylinder with a 60 per 
cent coetiicient and considering it as completely sheltering other cables directly in 
rear if touching, one to the other, or giving 50 per cent shelter at a 2 diameters dis- 
tance, center to center, but no shelter at 4 diameters distance to either other cables 
or other parts of the bridge; and by treating each suspender as a cylinder with a 
60 per cent coefficient and considering it as giving no shelter to any other susftend- 
ers or other parts of the bridge; so that in bridges of 4,000 feet length of span the 
effective wind area of the main cables and suspenders alone may be as much as 8 
square feet per foot length of single track bridge, or 12 square feet per foot length 
of double-track bridge, and 4 scjuarefeet per foot length for each additional track. 

Having found the effective wind area of the span and train and piers, the total 
pressure to be provided against may be next figured at 30 pounds ])cr square foot 
over the entire bridge with a train upon it, or 50 pounds per square foot over from 
600 to 1,000 feet length of the unloaded bridge (inolnding piers), increased by 30 
pounds per square foot over the rest of the unloaded bridge, and then using in sub- 
sequent computations whichever of these totals produces l^e greatest stroHs^ ^^<^^v 
the particular members under consideration. 
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The wind bracing for ordinary bridges may then be arranged in the form of two 
horizontal trussos, one above and the other below the roadway, as in the nsaal 
arrangement of modem bridges, stiffened by vertical sway bracing. In case of very 
long bridges, it may be desirable to supplement these by horizontal cables passing 
under the bridge floor and around the piers and out to the shore anchora<:e«, the 
versine of the cable being from two-thirds to three-fourths the breadth of the ]>ier8. 
In suspension bridges, these two methods are advisably further supplemented by 
the swinging in or '^ cradling" of the main cables to such extent that this cradling 
may be not only enough to support all the wind pressure on the cables and suspend- 
ers, but also considerable of that on the stiffening truss and roadway, besides other- 
wise stiffening the bridge against lateral movement. 

The dimeusioning of the various parts of the wind-bracing may next be computed 
by the usual methods, the use of the new formnlsB of Launhardt and Weyrauch 
being recommended as preferable to the older methods, and that of the new dynamic 
formula of Fidler as preferable to either. In these computations, especially under 
either of the new formulie, it seems hardly necessary, because of the infreqnency of 
tlie maximum stresses, to use a coefficient of safety much greater than that actually 
necessary to make certain that the maximum stress is not allowed at anytime to 
go beyond the minimum elastic limit of such metal as may be naturally expected to 
actually get into the finished structure, due allowance being made for the ordinary 
unevennees of manufactured products and the ordinary failures of attempted carefal 
inspection, this niininium elastic limit being deducible from the tests of full-sized 
members, as well as from those of a large number of smaller pieces, of such metal 
as it is proposed to use. With ordinary grades of wrought iron and ordinary cir- 
cumstances of manufacture and inspection the coefficient of safety may best be 
taken at 3.5, and the repetition limit at one-half and the reversal limit at one-fonrth 
the ultimate strength of the metal, thus allowing dead-load stresses of 29 per cent 
and maximum reversal stresses (those under most unfavorable conditions) of 7 per 
cent of the ultimate strength of the metal; but in exceptional cases of the best 
steel (bar or wire) and the most careful manufacture and inspection (admitted, how- 
over, only after careful tests), it may be allowable to reduce the coefficient of safety 
to 2 and to increase the reversal limit to one-third of the ultimate strength, thus 
allowing dead-load stresses of 50 per cent and maximum reversal stresses (those 
under most unfavorable conditions) of 17 per cent of the ultimate strength of the 
metal. 

In the dimensioning of piers or towers, the breadth of the pier at each of its 
horizonl4il sections must be sufficient to prevent the overturning of the pier about 
either edge of such section, a coefficient of safety of 2 being osed in the computa- 
tion of such stability, and the breadth must also be such that no tensional strains 
shall ever occur in any of the vertical or main posts of the pier. 



Appendix D. 
temperature strains in three-hinged arches. 

[By GUSTAVE LmDENTHAL, C. E.] 

The theoretical advantages of three-hinged arches are generally assumed to be 
the calculation of strains ft'om loads on statical principles and freedom from tem- 
perature strains. But this latter generally accepted theory is erroneous. There 
are, of course, no temperature strains at the middle hinge, but they do exist for 
any change from the middle temperature in the arches between the end and middle 
hinges, and are too large to be neglected in the computations. In this paper it is 
proposed to restrict the investigation to the temperature strains in a suspension 
bridge with three-hinged trusses, which is a special case of the three-hinged arch. 

The value of the force //t i» the horizontal component in the cable, caused solely 
by the resistance of the stiffening trusses to the change of curvature of cable from 
a middle temperature, i/t represents tension or compression according as the cable 
shortens or lengthens, and must correspondingly be added or deducted from the hori- 
zontal component //, caused by the loads in the cable. 

In a suspension bridge having one main span and two side spans, in which the 
cables carry no load (except their own), the change of length due to temperature 
will be proportionate to the length of cables from anchorage to anchorage, and the 
effect caused by such change will be concentrated in the middle span. 

It win be best in each given case to numerically compute this change of length in 
tJie oablea and the resulting deflection or rise in the middle span. 
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The nnmerical calcnlation of ibis dollection or rise := /, which is then known* 
Bhoulcl precede the following investigation. First, assuming a stiffening truss with, 
out a middle hinge and having only end hinges at the towers, we will find its resist. 

ance to bending from the formula for deflection in trusses, namely /= ^gj ^v in 

which p is the load per linear foot, E is the modulus of elasticity of st-cel, J is the 
moment of inertia of the truss, and I is the length of the two-hinged stiffening truss 
in the middle span. This formula is deduced from the elastic deformation of a solid 
beam of uniform section, but is applicuble to low-framed trusses, the web of which 
has little influence on the deflection. In trusses of greater height than one-tenth of 
the span, the above formula will give values too small, because the e£fect of the elas- 
tic deformation of the web upon the deflection then becomes marked. The stiflcn- 
in^ trusses in a suspension bridge are never so high as ordinary self-supporting 
trusses, and the above formula therefore canbe used for them without material error. 
Ht will act on the stiflening girder precisely as a uniformly distributed load 
would, the value pt of which per linear foot can be obtained from the above formula 
for deflection, namely, 

SSifEJ 

Since in a parabolic cable the horizontal component from any uniformly distrib- 

pli 
nted load is JET = -§r- 

we And by substitution 

_ 9.6fEJ 

in which h is the dip of the cable. 

The greatest bending moment in the two-hinged stiffening truss is at the middle, 
namely, / 

_, 9.6 /JgJ ... 

Max. mom. = ^ — • • • • (2) 

and the resulting flange strain 

F=J^^^ (3) 

n which d is the depth of stiffening tmss. 
The reaction of the stiffening truss at each tower from this force or load will be 

AzPt-o "^^^ effect of the temperature changes upon the hangers can be neglected 

^n air cases where metallic towers are used. 

The cnrve of the end-hinged stiffening girder under the action of the rising or 
dropping cable corresponds to that of a uniformly distributed load on the cable 
and stiffening truss as indicated above. 

It is evident that, if the girder is cut at the center and a hinge inserted, the two 
half girders must also each curve under the action of the cable, rising or falling with 
the change of temperature, and therefore will sustain bending strains. 

If the accepted theory that the middle hinge eliminates all temperature strains 
were correct, then the half girders should not change their form or alignment with 
the changing cable. Assuming the stiffening girders to have been on a straight line 
at the middle temperature, then with a rise or fall of the cable each of the two half 
girders would or should also remain on straight lines, forming an angle at the middle 
niuffe. 

If they would do so, then the cable would have to change its curve of equilibrium, 
whatever form it may be, in each half span. It can not do so without an outer 
force, which in this case is the resistance of the half girders to bending. 

The force bending the half girders can be again assumed as equivalent to a load 
Pb, distributed over the half girder. Strictly speaking this is not correct, as the 
following consideration will show: 

Let A C (in diagram) be the one-half girder, fastened at A, and free at C (the 
middle hinge) to move np or down. 

Then, if the tension in the suspenders were the same as for a middle temperature, 
the half ^der A C would be moved from A C into the position A Ci, remaining a 
straight line. But as the action of the changing cable curve will force the half 
girder to assume the curved form A B Cif the tension in the suspenders can not be 
uniform ; it will be largest at Bf gradually decreasing toward A and C. Whether 
the decrease in tension (depending in reality upon the variations of J) from the mid- 
dle toward both ends of the half girder is uniform or not is for tha wsns\V\. ^^\c^^vs«. 
usual in practice not very material to the mNeaUv^aXVotk^lox -^Vx^N^*^*''^'^*^^'^^^^" 
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ciently accurate, for obtaining the hmdin.i; moments, to assume a* an eqnivftlent a 
uniformly clistrihnted Joadj^h* acting on the half girder and bendiug it, just as if 
there were equal reactions at A ami C'|. 

The cable is in equilibrium under uniform load, when the curves of the half gird- 
ers, meeting at the middle hinge, have the same tangent. Of course it may happen 
that the curve or camber of the half girder may be less, but it cau not be more. The 

I 
value /i, at t is therefore the distance from the chord, line A Ci to B for the curve 

corresponding to the cable curve in equilibriuiu. 

/ 
For flat catenaries it can be assumed that/i= ^ without sensible error. 

As the deflections of beams vary for the same loa<l per lineal unit as the fourth 
power of the spans, all other things being equal, and as the chord sections (moment 
of inertia) at the middle of a continuous stiffening girder do not differ greatly for 
the same height of girders from the chord sections at the middle of each half in a 
three-hinged stiffening girder, we can, approximately, writ-e, 

f-'i- ^l—^P^=^^V^ W 

which means that the force acting upon the stiffening girders, having a middle 
liiuge, is four times as great as in a continuous (or two-hinged) girder, and since 
the bending moments are as the square of the span, it follows that the maximum 
bending moment at the middle of tlie half girder is as large as in the middle of the 
continuous .girders. 

In the case of |>h becoming larger than the dead load suspended from the cable, 
the bnlf girders will kink in at the middle hinge, and the eflect from live load upon 
tb(; stiflening truss would be found greater than ordinarily-computed. 

No allowance has been made in the above investigation for the elongation of the 
cables caused by the horizontal component //t. ilt is not a negligible quantity as 
far as the cable sections are concerned, but can be neglected -tor the stiflening 
trusses. When the diprof the cable is large and the stifi'ening trusses comparatively 
small in height ift w^ill be small. For a flat cable with a high-stiflening truss lit 
would have to be allowed for also in the proportioning of a two-hinged stifi'euiug 
truss. 

It does not follow, however, that because j^b in a three-hinged girder is four times 
the value oi px in a two-hinged girder, the value Hi is four times as great in the 
cable for the three-hinged girder. It merely indicates that the dead load on the 
cable is no longer evenly distributed for a rise or fall from the normal position. The 
suspenders near the quarter of each span will carry a comparatively larger share of 
the dead load than the suspenders near the towers or near the center of the span 
when the cable rises, and vice versa when the cable drops. 

While tbe above method of obtaining the temperature strains in three-hinged 
stiffening girders is based on approximations (a^ are also, for instance, the fomiuhe 
for temperature strains in arches) it gives sufliciently close values for all practical 
purposes. As may be seen the values are too large to be neglected in designing an 
important structure. 

All forms of three-hinged arches are subject to temperature strains, which there- 
fore do not offer the snpjiosed advantage in this respect over the end-hinged arches; 
but the different forms of three-hinged arches will be differently affecte£ 

Application to the design discussed by the New York board: 

I r= 3,200 feet length of span : 

A = 3,800 square inches metal section of four chords; 

J = . - =13,680,000 moment of interia of two stiffening trusses; 

d = 120 feet = depth of stiffening truss; 

f := -\- 1.1)1 feet defleeti<m solely from temperature; 

for 4- 1>0^ ^- (changes in cables). 

Maximum flange strain F = -^A_ for JE; = 28,000,000 and substituting above 

values, F= 2,8.57.8 tons. 

Maximum stress from temperature alone per square inch of flange = 3,008 pounds 
at the middle of each half stifl'ening truss. 

4 X 384 /AV 307.2 /J5:J 

The corresponding 2>h = •/< ~ ^^ 7* 

Substituting tbe above values, 7)1, = 2,143 pounds. 

The de:ul load per lineal foot of bridge suspended from the cables being given hy 
the board as 17,C'00 ])onndH, which is more than eight times j>i, (the force bending thV» 
lialf prirdor), no kinking in at the middle hinge from temperature changes would 
take jtlaco. 
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■ ■ ■ -TUB TniiORY OF THE Stiffening GIRDER. 

[Bv J.MIUN. profrHsoT al Ilici Ti'cliiilral Ilish School ut Ilrilnn. TninnUled by n'lu 
lluuclbiirli di-r lUR>-iili-<irnu'»-DsFlmRt'n. 7.w<-\t<-i Itaiirl. U-r DrUnki'iibnii.l 



A. — TiiK Slack Aiit'ii amu UssTiifFEVKB Suhpbnsios lludun;. 

J3. The cable- or arcliitoUmon for ang ifiiimfd rerlii'at loading. 

Wher ft Happnsi^d ireiglitlttHs cabli', Hiipporteil iit two iKiiiiU,iH itn1ijo<it to Him^>Io 
verlical furirub, it ftM-iiiin!H a definite polygonal fiinn wliicli is dopi'Tiili^Dt iijioii tlio 
relHtioii lictwei-n these forreH. 

ImI a tfnleacut thn vi:rti:-iil ri>ui)>i>!TOllt i>f l.llu teni^ioii nt onoof tli(> lioiuts of mlp- 
]iort, and P, .... I'm the I'ornnn nittiii;; to thu mtli aideof tho polygon; then tlie vor- 
tical compiment of the ntrcss in the latter Is Fm-=.l — P, — /'; .... — 1'^, while the 
horizontal coniponimt IT riiiniiins iMinsttiiit f^r nil sides of the polyjio"- Tlio augle 
Tn, which the iiith »idu ut' the polygon fin-oit with the horizontal is detcriiiincil from, 

, V„, A — P,-~l; — ...—P„ ... 

and the resnltint; stress Trota 

J'm = ^rv+'H- = H»«T„ (2) 

If, fiirtherniorp, x,„ ,i/in "I'l '.nt-i >l«.n rc|iri?»eiit, with thi> iioint A (fiff.S) as the 
origin, the coiirdiii;itcs of the vurtioci of tlir polygon adjoinimf its i«th Hide, wo 
then liave 

y^-K-ya,^'— ^•~^'' •■■- •'''". {r^+,—Xm) (3) 

A-P,...-P,.,.,-P^ ^ 
or, Jg,„ — jj . Jx„,. 

In a Biinilar m.iiiner we h.ive for the jiriteding side of the polygon, 
J _,_ -<-^ ''-^'---- -^'"-' jj. _, 

If we now jilace Jy^ — Jj/m-i^ J.n+.i — Sym + y-^^^^'Hm, and if fiirthennnre 
^Xm^Jr,„^i^=a, tbiit-is.'if the hori/oiitnl ilistitiicos hotwuen poihtsof the polygon 
are e<)iia], we alno have 

^^s™-- iJ.a (:>) 

Id general, wo havo . , . 

{'ffr„,-(9r...-i)=^J' (S") 

From the forpca P and the hoTJKoiital tension H the corrpsponiliiig rablepolygon 
can be deturuiiueil aiialyticnlty by known inutiioila a.-) u-<-ll uu grapliically. 



nictliuiljD u.'tifi'Ii luues tbry an< n'nd ai e^fiiililirimn iiulygun. 



■4 \t. cwiceoftsm-^'V*! ■(»» «™^»*' 
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If the points of support of the cable lie iu a horizontal plane, A may be determined, 
like the abutment reaction of a freely supported girder, from the moment of the ver- 
tical loads. 

^ = _f_Ai — tl (4) 

If in this case / is the versin of the cable polygon, and r is its lowest comer, we 
have 

„ Mr ^aCr — Pi(gr— g|) — Pg (Xf — ^9) — . « Pr-1 (Xr — aV~l) ,-. . 

I± = -J= -J . . (&) 

If, instead of the dip /, the length of the cable is given and if the connecting points 

of the suspenders 1, 2, ... . and thereby the lengths en, ei, ^«, of the separate 

parts of the cable are known, the horizontal tension is determined fVom 

\/J5r«-|.ul«"^\/^ + (^— P,)«'^\/jBn»-f-(^ — i>i— i^"^ H ' • ^^ 

It is evident that the strains T in the separate members of the polygon increase as 
we approach the supports and iu the first and last members reach their greatest 
vnluos. That, furthermore, for forces due to downward acting loads only tenH(m can 
occur in a suspended or inverted polygon and only oompresHon can occur in an erect 
polygon. 

When the forces due to the loading are distributed according to a fixed plan, the 
cable- or archpolygon assumes a definite form. If q is the load per honzoutal unit 
of length at any assumed point whose abscissa is x, we have from equation (3), 

A—fqdx 
dy = jg ,dx; 

from which we have as the differential equation of the onrve of the cable, 

cPy 

Since, if r is the radius of curvature of the cable curve g^= — — »ec»'r, we have 

from equation (2), « 

Tx = qroo8*r (8) 

and for the load go and the radius Tq at the vertex of the carve, 

H=qoro (9) 

For a uniformly distributed load, that is when q is constant, we obtain by trans- 
ferring the origin of coordinates to the vertex of the curve and by the integration 
of equation (7), 

<7X^ 

y=2~jff' (10) 

llie curve of the cable will, therefore, in this case be a parabola. If I represents 
the span and / the versin, we have 

=='i; (U) 

and consequently from equation (10) we have, 

y=^fp (12) 

The greatest stress in the cable will be, 
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If the loading is not constant per horizontal unit of length but per nnit of length 
of the cable, the cable curve becomes a common catenary. 

Then from eqaat^)n (7) and with the vortex of the curve as origin of coordinates 
we have, 



^S=.-r=,(i+(j|y)S 



1 s 
from which we have for the equation of the curve when ^ = "t represents the para- 
meter of the catenary^ 

y=i(«'" + ^~""-2) (14) 

For the length • of the catenary we have, 

• = ^i/2cy + c«y« (16) 

$ 4. The unsHffened aiupension bridge. 

1. Form of the chain and magnitude of the horizontal tension, — Assume the weight of 
the roadway to be suspended from the chain, together with the supi^osed uniformly 
distributed live load of go per unit of length, and make the practically closely 
approximate supposition that the weiglit of the chain or cable is distributed as 
though the curve of the cable were a parabola and that the cross section of the chain 
thnuighont is proportional to its stress for the maximum loading. Let the weight of 
a unit of length of the chain at its center be go; then at the distance x from the center 
the weight of a unit of length of the chain is 

gx = goBeor^, 

5^ ) = 1 + — li — we 

liave,i7x = ^o(^lH F~'J« 

Let the weight of the suspenders for a horizontal unit of length be 

4/x« 

so that by transferring the origin of coordinates to the center of the curve, equation 
(7) becomes 



If, for abbreviation, we place 






^0 + ^0 = 5 

_2 /V,o / ..^.>^. > (16) 



we have by twice integrating the above diiferential equation, 



y=2:ff(«+^*') w 



and from this, by substitution of the values x = -^ and y =/ 






As a rule the length of roadway t' is somewhat less than the dlst&VLS.'^ \. V^^^^^scsl 
the points of support of Uxe chains. If this b« ti8AL«ii vjaXa t^wMAftwt^vss^ ^s!Si.^>Js*^*Q«k 
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ftssnined that the weijjht of tho suspeuilers* is nniformly distribntort and included 
in tho weight ot* the roadAvay, ff\ per linear meter, we have, if p represents the live 
load per linear meter, for tiie horizontal stress the expression 

H=go(^l-h^f)^f+(l> + 9i) %f—^ • • • • ^^^> 

If Fo represents the cross section of the chain at the center in sqnare centimeters, 
>' it-8 specific weight (kilograms per cnbic decimeter), 8 its stress nnder greatest 

loading (kilograms per sqnare centimeter), then will go = Fo -^a (kilograms per 

H y . 

linear met^r) and Fo^ - ; from which also ^„ = II. ..q . Likewise we have 

9 = 5" TOT^- 
This substituted in equations (16) and (18) gives, 

^""'-87 , r ( ^^"r"r7T •••••• ^^^^ 

^ 10. « V 8/"*" Z^ J 

I 

The weight of the half chain becomes, G= I gxdx 

./ 

r. = /f_. J^--^(i+Ji«^) (20) 

From this the vertical component of the abutment reaction becomes, 

r„,.x = igo2(l+3-/-^^) + G^ (21) 

and the greatest stress in the chain is, 

r,„a« = \/ r^max+fl-^max (22) 

The angle wliicli the chain makes with the horizontal at the point of snpport is 
determined from tg to = ^» or is approximately, 

/^ro=*f(l+ 3-/i^) (23) 

The length of chain is obtained from, 

in which /- and ^^ are to be deduced from equation (17). Snbstituting we have, 



J .16 /J ('/ + «2 ) 
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For small values of x, that is, for small vahios of tho vorsin in terms of the span, 
we have au approximate expression for tiie Icn^j^h of chain, 

-='^+^-?-?';^! <^^) 

which will also apply to flat paraholic enrves. 

The maxiiinim span for a suspension hrid^o of assumed nmterinl and unit stress is 
dcteriinncd by the condition that the denominator of equation (It)) shall remain pos- 
itive, that is, that 

from which we have. 

From this we obtain the theoretical maximum 8i)aus of Huspcnsion brido^es for the 
following stresses and relations between versin and span: 

/ ' 1 1^ 1 1 1 1 1 

I 10" 12 14 15 16 17 18 

Kor r = 7.79 and /» = 700 kg 700 588 507 178 411 418 315G m 

'"'" i for ^ = 7.79 and « = 1,600 kg 1,600 1,341 1,158 1,083 1,016 957 905 m 

2. Moat economical relalion hctipeeti rcrniu and span. — Upon the vorsin of the cliain 
is d< jxMident not only its own weight nndthe weight of the suspmder.s, but n'^o tho 
cost of the piers. Disregarding its inlluence npon the backstays mwI nj)!!n the 
anchorages, that relation of versin to span is easily computed, for which the c«»st 

will be a minimum. If we designate this relation by )== w. ^wd let P repiesent 
the relation of the cost per meter of height of piers of an assumed width to the 
cost of 1 kilogram of ironwork and, for abbreviation, place ^ :-^ f, the equation 

of condition from equation (20) becomes, with a little permissible simpliiication, 



- ^0^+ ^ E nqol^-{- Pnl = min. 



8»_.(x+«_.) - -3 



Diilerentiating and solving for n by placing the very small quantity 

2 f f /„ / -M (1 ft ^a 
eqni^r 12 
we have, 



n = a+^o,+ l JJ"^-^ (27) 

Neglecting a we have, 

n = J^- ^'lol_^ (28) 

For instance, for r= h^^ =- 5,000, e = 0.00005, r/o = 6,000 kilograms, and I = 100 

meters, n would be = 0.085 = --. 
' 12 

3. Chavt/cs of form. — For simplification in the following investigations we will 
assume the form of the chains in an unloaded bridge, that is, in one subject only to 
a dead load, to be a parabola, which su]»]»osition is jierinissible when the proportion 
of the verHin to thes])an issmall and the ajipmatlies are whort. We will also disre- 
gard the resistance to changes of fonu cire to \i-icti(»n between the links oithecbaUv 
or to the stifiness of* the wire cabh*. 

Let g = the total dead load of the \.y\'\«/v y.v.Y \\\uvA\\\\vr\e\ , 

Let J} = the assuiued anil'ormly dislv\\»'.\\o\V Vv\v^ VvcvCy. v«;v Xxw^^-aJt xs^rNrs^. 
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1. Marivwm (fefrcfiov at tho center dne to chanf^eof form when loaded. Thliwill 
occur wiien a certain central part of a length 2 4 is loaded. We will disrega^ for 




Fio. 0. 

the present the possible sliding of the saddles on the piers and assume, therefore, that 
the sii])povtH of the cliains are perfectly rigid. Afutiuiiing/' to be the doflectlou of 
the chain canned by the load, we have from equation (5) 



•^ — 8 if "*" 2 B 



• • • • 



. . W 



We further find that when we introduce for the length of the parabolic curve the 
approximate expression equation (25) with omission of the third member, we have 
for the half chain length the two values (for the unloaded and for the loaded con- 
ditions) 

(f-2«)+24?<2— ! J 

From this results, 

^ = ^Jl\^9'l'+l-P9l'i+^P^l^'-(^p'+2pg)P^ • • • (y) 
and then from equation (a) 



f~~ 



2l>^a-0+-|-pP 



^l\ Ji7^^» + |-l>i7^^^ + 3i>Mf«-(4p«+2i>j^)^j 



. . (29) 



The maximum value of /' is found by differentiating the preceding expression 
for ^, giving the equation of condition, 



-T+8--» 



• • • 



. (30) 



^ 



The valne of , from the above when substituted in equation (29) gives aa the 

maximum center deflection, /Ifi =f — /. 
We find 

for -^= -1 1 2 3 

g 2 

L^ 0.5 O.Ul 0.126 0.113 0.107 
4f,= 0.028 0.045 0.067 0.079./. 

Within the limiting values of i and 4 for ^ the following approximate valaee 
may be determined : 



4-=r0.1-f0.025 ± 
i P 

4/*, = 0.007+0.046 ^ —0.0075^^ 

9 ^) 



(31) 
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2. Deflection ai the center due to changes in length of the chain, — The differentiation of 
equation (25), when the relation /. = n is iutrodaced, gives 

Jfi = l^ JL (32) 

•'' 16(5n— 24it') ^ ^ 

Changes in the length of the chain may he due either to its elongation under stress, 
to variations in temperature, or to the compression or sliding of tlie anchorages. 

If a represents the specific stress on the chnin due to the greatest live lond {p ]»*>r 
unit of length), the elongation due to the dead load g of the bridge may be detnuiut d 
from, 

"'"^iA-p'' ^""^ 

and the increased elongation due to the effect of the live load from, 

^^=i,-fc-^ <^> 

Tlie change in length due to variations of temperatnre of j^t9 is, when the coeffi- 
cient of expansion (0=0.0000124. 

JLtz=z±ootL (35) 

When the main chains are continued as backstays on hoth sides to the anchor- 
ages (iig. 10), and when a sliding of the chains over the firmly fixed saddles is pus- 




r-i-"^ I -'f-ir--lV 



Fio. 10. 



si hie the whole length of the chain hetween the anchorages is to he introdnced for 
L in equations (32) to (35) ; hence, 

L=l(^l'{-^n^-^n*^+2haecai (36) 

I^ on the other hand, a shifting of the saddles occur hefore a sliding of the chains, 
we have, when J L represents the change in length of the main chain, and ^ Li the 
change in the length of the backstays, 

•'* 16(5«— 24n3) ^i/l + n^ 16(5ii — 24n3) * 

If in general we place 

^X = c. X = c.(^l-|-| *»*--5^*»')' 
/iLx=c Li = 0. i/f-jT^. Z,, 
in which c is known from the coefficients of L in equations (33) to (35), we have 

^/,={i|-z.+._g.;5tf^";,^(,+2,.)}.o (37) 

3. Deflection at the center due to a shifting of the chain saddUs, — W hen, in the rnpe of 
a chain with fixed ends, the span of the main chain is| reduced hy Jlhy a sliiflivg 
of the chnin saddles withont a simultaneous change in thelength'of the'muiu cliuin, 
the center of the chain is depressed an amount, 

^ f _ 15-8(5n'-36»^) 



• 
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If, Bimultniiooii8ly with the Hhiftiii;;of tlio chain RAddh's a slidinfr of tho chnin 
000111*8 in such a iii.'iiiiuT that itH total leiitrth hotwcon jiuohorages (iig. 10) reiuaiiiH 
coimtaut, the doHootion at the middle of tho chain will be, 

16 (oil — 1?4 « •) 
4. Maximum lonyiiudinal motion of the center of the chain, — For the lowest point of 




J^< S — •« 

» * • 



Fio. 11. 



aiil 



the curve of the cable , == ^; accordingly, as is evident A-omfig. ll^aa long an S 
lies to the left of E^ 



2</(/-2jr)+^,pf =(?. 



Hence JT hnH its innxininni value, when ^ Ikih its maximum; therefore, when \ becomen 
= l-x. This substituted in tho above oquatiou gives. 



' p^y p "^ p' 



and the greateHt longitudinal motion of the center of tho chain from the center of 
the bridge becomes, 






(10) 



Tlie versin of the ohnin may bo aHsuuied as constant for tlie relationn of <n P ooour- 
ring in practice. The lifting of tlie chain in tho middle of the bridge then is, 



/ 2 e \2 



(41) 



1 


1 


1 


3 


2 




0.167 


0.184 


0.080 


().(M;2r» 


0.0145 


0.021 t 



2 



8 



0.051 o.o;i6 . 1 

0.00*4 0.0045 ./. 



from which we have, 

for ^ -= 

P 

e = 

Example. — A steel wire cable bridge ih to be dehigned for n street 12 meters wid*'. 
iSpsHi / — 100 meters, versin f — >^ meters. T\\ o cables are to be nscd. 'J'ho loads per 
OJibJe and per linear meter are: r)ea(l load of the roadway, 1,400 kilogmms; live 
load 100 X 6 =2,400 kilograms; tlierol'ore, 7„=8,S()0 kilograms. Assnntiug tho 
stress «:=T 2,000, we have from equation (10) the horixoutal tension H=(Sii2.2 t. 

Computing from this the weight of tl:e cable as r/„ - 20*) kilograms por niet«ir and 
the weigh tot the suspenders as i^— 4 kilograms, we havo from equation (16), g = 3,800+ . 
2t)0— l,(H;Oaiid Hl- — '.i\^, with which from ecjuatiou (IS) t he horizont-ul tension can l»o 
moiv accurately determined, as // .-. (^»5.0 t. Furthermore, etination (24) givtss for the 
leji^tli of tlie chain L — 101.072 meters auil equation (23) for the angle at the support 
/f/ro 0.82031. 

>ieyleitiug tho .stitreuiiig due to the roadway or the inclined stays which arc always 
employed, the changes of form may be comput^Ml as follo\*'B: 

Maximum deilection for partial loading ( from equation (31) for =;"*-.-- ) 

^/i - 0.057 ./rr-.0.4,")(> meters; center detlection due to elastic elongation for total 
loading, from e«inati(Mis (37) and CM) when the hori/imtal length of the lilaekAtay is 
:isHnnie;l as /, .-- 2.") meters, J /'. — 0.208 meters; <'elb etion due to a varlntion of t(*ni- 
p-r.-iiiire of -j 80 ('.. J t\ r-. -JL 0.144 meters. Finnlly the givatestlougitndinal motion 
».: rlie center of the bridge will be from equation (40), r = O.llO Z=I1 meters, ami 
t Jit' <^r(ut tent lifthif:; of the center of the bridge will be from eqnation (41) — ^/,= 
u,03'Jo/ = O.L'OO meters. The vertical moVvou ol \.\i<kh c^utec of the brid^ when tho 
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ipreatest live load is crossing wonld then be^ if the bridge is wholly nnstiffeued, 
approximately -1-0.46 and — 0.26; that is, 0.72 meters. 

4 . Secondary strains. — Tlui procedinj; theory of slack suspension construction assumes 
that the chain or the cable can always assume the position of e<iuilibriuju corre- 
sponding to the load ; that is, tlic resistance of friction between the links of the chain 
or of stillness in the- cable was ne^ilocted. Although the latter is actually so smnll 
that it has practically no inilueuce upon tlie str<*ss on the cable, this in f^eueral is 
not true as to the resistance of friction between the links of a chain. Experiments 
made by Steiner and l^'riinkel on existing chain bridj^es with the aid of FriinkePs 
elon/^atioji indicator have proven the existenc*^ of considerable bending stresses in the 
individual links of the chains. 

het Trepresi^ut the force acting in the axis of a link, d the diameter of a link pin, 

and g) the coefficient of friction; then the moment ])roduced in the link by the action 

a 
of friction may reach a value Mp = <p T. -j^ . For approximation, we may place 

^ rr= <p' if if we let </)' = <p f 1 -|- 8 p- j for the link subject to the greatest strain. 

In order now to obtain the maximum value of the l>ending moment we must deter- 
mine H for such an unequal loading as will produce a moment tending to change the 

form of the chain and equal to the moment of friction <p' // -^ . For this purpose 

we may consider the live load p per unit of length divided into two partA, p' and|>'', 
the former of which, only partially applied, produces the moment which tends to 
chauge the form of the chain and may be approximately determine<l from equation 
(86") as 0.0165 i)' /-*, while the second part »" is to be "taken over the entire span. 
Then, nef^lecting the effect of the load p' in the determination of if, we have 

0.0165 !>' P = <p\~ (^" -f g) J --g- ; 
from which, 



0.264 -I- (p' 
and the greatest bending moment is. 



d 
f 



cp' . d 0.26 4 ... P 

^^ 0.264+^' 4- ^ 

f 

From this, knowing the cross sections of the links of the chain, the bending 
stresses are also easily determined. In old chain bridges, particularly on account of 
the possible ]»resence of rust, it will probably be necessary to take for <p, the 
coefficient of friction, a rather high value — at least 0.20. 

Example. — in an existing chain bridge of 83.7 meters sjian and 5.673 meters versin, 

the dead load on one main chain is /7 = 968 kilograms ami tlie live load is 7> = 1,218 

kilograms Tier linear meter. For this we calculate H,+,, ^^327.2 1. The diameter 

0.264 
of the link pin is d = 0.05 meters. Placing <z)'=0.25, then — — ^—=0.99 

0.264 + ^'! 

and Mp = 0.25 X 0.025 x 337.2 X 0.99 = 2.086 t. 
The chain consists of tive links 13.2 centimeters wide and 3.1 centimeters thick; 

accordingly we have for one link a bending moment of-"!— i- — =41,720 kilogram, 

D 

centimeters and therefore with a resisting moment of a link of 90cm^ the maximum 

41 72() 
bending stress with most unfavorable loading is — ^ — = 462 kilograms per square 

centimeter. 

B.— Stiffening op the Arciipolygon by a STiiAionT Girder. 

$ 5. Approximate theory. 

In order to limit the magnitude of the changes of form in the archpolygon and 
slack cable, which have been computed in ^ 4, they have been combined, asprcviously 
mentioned, with a straight girder by means of suspenders, and thereby a g<'neraUv' 
statically indeterminate truss system has been formed. VT^ ^S\Jl \sssxN» ^^^ '^i^'*^ 
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approximate theory of this syBtem which, though approximate, is fully sofflcient for 
practical application in most cases and in which both of its modifications, repre> 
sen ted in tigs. 2 and 3, will be treated together. 

1. Cwiditiona of equilibrium of Ihe archpolygon. — ^Equations (\) to (5) in $ 3 also hold 
good here when we Hubstitnte therein for the forces F the stresses 5 of the sus] tenders 
increased at the joints by the forces JL resulting fmm the dead load of the archpolyeon. 
If the suspenders are placed at equal distances a, we have firom equation (8*). 

— ^. J*y,u=(5a, + ir;.a (42) 

If the points of the polygon lie upon a parabola with a vertical axil whose veisiii 




is/, and if the suspenders adjoining the mth suspender are distant thoMfirom a And 
a' respectively, we have from equation (3^) 



s,±n^^=s^-^K 



(43) 



If, therefore, in a parabolic polygon the horizontal distances between joints are 
equal, the stresses in the suspenders also all become equal, and in general the girder 
seems to be assigned the duty of distributing the varying live loads to the suspend- 
ers in such a manner ns is necessitated by the form of the polygon of the chain or 
cable. 

For a continous curve the vertical forces acting on an arch for a horizontal unit 
of length are determined from, 



=^TT-^ly.. 



»m + 1c =—H. 



dsr^ 



(44) 



and for a parabolic curve more especially fic/o^i 



(45) 



We will now assume for the approximate theory that the foregoing equations (42) 
to (45) are true also after the change of form ; that is, we will suppose this change to 
be so small that the distribution of the stresses in the suspenders, due to the fonn 
of the archpol.vgon, remains )>ractically the same. Thissuppnsition seems the more 
admissible since the stiller is the girder constructed, the smaller are ita changes of 
form, due to elasticity, which are transferred through the suspenders to the arch> 
polygon. 

2., External forces of the stiffeuing truss. — These are composed of the weight of the 
truss and the parts suspended from or supported upon it, the live load, and the 
strcHSCM in the suspenders which will act as vertical forces directed upward. 

If we neglect the la^t- mentioned forces we may readily determine the moment 
^i and the shear Q for any cross-section of the girder, distant x from the support, 

as in an ordinary unsupported girder (simple or continuous, according as it rests 
upon two or more supports). This moment and shear would exist if the chain or 
the arch were not i)resent and the whole load were carried by the girder alone. If 
J/g represents the bending moment for the cross section under consideration due to 
the forces acting through the suspenders, the resulting total moment in the stiffen- 
ing girder is, 

Jlf=9R — Jlf,. 

Draw a straight line (tig. 13) through the points of supjport, A and i?, of the cliain 
or arch as axis of abscissas and measure from it the ordi nates of the archpolygon. 
We have, from a well-known property of the equilibrium polygon, and on the aup^ 
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position that the dead load of the ohaia (A per unit of length) is uniformly distrib- 
uted, for the girder with length of span of A B = l and 8up2)orted at two points, 



from whiohy 



M,-j-^.kx(l^x) = H.y; 



if=8K4 -f kx(l-^x) — Hy. 



By neglecting the dead load of the chain or by including it in the forces acting in 




Fro. 18. 



the stiffening truss, if we represent fjfj by the ordiiiates \j of an equilibrium polygon 

or equilibrium curve which was constructed for the external forces of the girder 
and for a pole distance = H, we have, 



M=zm — JSy = H(X) — y) 



(46) 



Themamentin thesliffeninij girder Uj therefore, proporiional io the vertical (listanc^' heiwrcn 
the equilibrium polygon for the external forces couetrvcted through the points A and Bj 
and the axis of the arch polygon (fig. 13). 

For a continuous stitl'entug girder extending over several spans 



l—x 



l^x 



X I — X X X t — XN 

M.= Ey-M"j-M'—i-=H(^y-m"j-iH'—i-\ 
whence wo hare, 



(47) 



when M' and AT' represent the moments at the points of support of a continuous 
girder, the points of support being at the suspenders and adjacent to the oorrespond- 




Fio. 14. 



ing spans. If and JT', with a given form of the archpolygon, can alwa.^^\i^v»s^'^ 
computed or constructed as distances m' and m", fox «i^o\ft ^\a\»s^ji.^ ia.^=-"V% 

86i9 6 
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In the case reprcaeuted in fij^. 14, where, with a symmetrical arrangement, the 
j^ircler is prulnngud over the two smaller side spans, but is not suspended from the 
backstays, wo have, 

for the center span, if=5K — S(y — m) \ 

for the side spans, M= SIK + Zf. m f (. ^^^^ 

For a uniform diatribntion of the stresses in the suspenders, that is, for a paTal>olic 
chaincurve, and approximately, also, for a parabolic archpolygon, we have with 

the relation y =-j between the spans. 



and from this, 

for the center span, if = 3)1 — Hi y — ^r -— f\\ 

2 X - 

for the side spans, M^= 3K -\- S o lOy ' ~l'^ 



(49*) 



If the girder is connected with the cliain by suspcMHlers in the side Rpann, anl if 
we designate by y the ordinate of the chain measured downward from the connect- 
ing line A /i, we also have, upon the supposition that the chain has the cuixc of a 
parabola, 

-^T^/'- (^> 

and from this, 

/^ 2 (1 4- y5) \ ) 

for the center span, if=9M — S \^y — 3 _l 2 — f ) 

C 2(1 4- v^\ X \ I ' 

for the side spans, if = S)^ — ff (^ yi — -3 r 2 V ' l~^ ) 



(50-) 



For the computation of the shears Q, the following formulas may be used: 
When the girder extends over only one span, 

Q=^-'H,tgT (51) 

When the girder is continuous over several spans 

Q = ^^H\JgT — tga-\--~-^ ) (52) 

in which r represents the angle which the side of the archpolygon cut by the cross 
section, or the tangent to the chain curve, makes with the horizontal; and o the 
angle which the connecting line between the i>oints of sup])ort of the chain makes 
with the horizontal (positive when directed downward), m' and m" areiihe same as 
above. 
For the case represented in fig. 14, we have, 

for the center span, ^ = G — H tg~r~ ] 

for the side sjians, Q = ^ -\- H o xn — 7 f * * * ' ^ ' 

If the girder is connected by suspenders with the chain in the side spans we 
have, in place of the second of equations (53), 

g = C + H (?(!«. / ^„„-t,r) (54) 

3. Determination of the honzontal stress H. — In the truss systems treated above 
the horizontal stress can only be stAtically det<Tmined when, through the method 
of consirnotion, another condition is given that will remove the static indetermi- 
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» 

nation exiBting with reference to thin stress. Tlias, for instance, we might in the 
first place pro<1nce in the chain a coustant horixontal stress by substituting an 
attached weight for on^ of the anchorages. Tlie stiffening girder would in this case 
be subject to a constant iiplLftiug due to constant forces acting upward. Another 
arraugcnient which, however* has so far only been proposed, consists in balancing 
flie forces in the abutment; that is, in bringing in^p a <lefinite relation the vertical 
torces iu the chain and in the girder at the abutment by supporting both of these 



FlQ. 15. 

systems upon a balancing contrivance (tig. 15.). If x ^ -— - be the relation of the 

lever-arm suppporting the girders to the arm supporting the chain, we have by 
this arrangement and the loading indicated in fig. 15, 

p t X 

Finally, a statically determinate form may also be obtained by introducing a hinge 
in the stiffening truss. In this case we must place tlie moment M for the cross sec- 
tion through the hinge equal to zero, whereby we obtain a determinate equation for 
H. If we place the hinjL^e at the center of the truss and designate the moment of the 
free-ended girder with reference thereto by SJ^o, we have, from equation (46) for a 

truss extending only over a single span, 

3= y-y (56) 

and for a continuous truss, from equation (48), 

^"^r^ (57) 

But if none of the arrangements junt discussed is chosen we must, in accordance 
with the general statement previously' made with reference to statically iudertermi- 
nate* systems, deduce the missing determinate equation for the horizontal stress 
from tiie elastic changes of form of the system. For this purpose we can follow a 
different method. We can place the change of the ordinates of the joiiit4j of the 
archpolygon, increased by the clunige in length of the suspenders, equal to the 
deflections of the stiffening truss, and develop tli ere from the expnsHion for the hori- 
zontal stress. But we arrive at this in a shorter way by the application of the 
" theorem of least work to produce change of form." 

Let /' represent the axial force, 3/ the bending moment which act« upon the cross 
sections of the separate parts of tlio system whose length we will represent by «; 
let Fbe the area of cross section and J its moment of inertia with reference to an 
axis through its center of gravity; and let Eh^ the coefUcient of elasticity; then 
the expression for *' work to produce change of form," evidently becomes, 

and the equation of condition deduced therefrom with reference to the ease in ques- 
tion becomes, 

dA C P dP ^ ^ C M dM ^ 
TH = I EFTH-^'+J -ET dH ^' = ^ (59) 

To apply this equation it is necessary to express the axial force and the moment 
for the separate parts of the system in terras of the external forces and the ui]LkiL<\^vw 
horizontal strain H. 



i» 
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We will next consider the truss system (shown in fig. 12) of a suspension bridge 
with a stiffening girder covering only one span and represented by — 

Fy the area of any cross section of the chain, and by Fqj that at the center of the 
chain ; 

Xj the length of a chain link, that is, one side of the polygon; 

a, the distance between two suspenders; 

2 Fly the area of the cross section of the stiffening girder (in case of a framed 
truss, the areas of both chords) ; 

Jy the moment of inertia of the stiffening girder; 

F<xy the area of cross section of a suspender ; 

y'y the length of the suspenders, that is, the ordinate between the axis of the 
girder and the archpolygou ; 

I/, the ordinate of the archpolygou, measured from the chord joining the end 
points; 

hy the height of the stiffening truss (distance between flanges of the girder) ; 

/, the versin of the chain ; 

/*, the height of the end verticals; F^ their cross section; 

/i, the horizontal pnijection of the backstays; 

a\y their angle of inclination to the horizontal; 

a, the angle of the main chain at the point of support; 

Gy the tot^il load acting on the stiffening girder; 

A and 7i, the abutment reactions due to it ; 

Ky the load at the joints due to the dead load of the archpolygon, assumed ani- 
formly distributed ami e<iual to k per linear meter. 

If we consider that the stress on the chain is 



T™ = JT 



a 



(60) 



and if we make its cross section proportional to the stress in each member, then will 

F^Fo -- and the cross section of the backstays will be F' =^Fo sec. ai. 
a 

The expressions for the separate parts of the system given by equation (59) may 
now be computed, for which purpose the followilig table will bo nsefnl. In it are 
introduced the stresses on the suspenders from equation (42), and it is also assumed 
either, 

(a) that the stiffening truss is not independently supported, biit suspended with 
its ends on the points of support of the chain; or, 

(b) that the stiffening truss has an independent support. 



Part of 
syHtcm. 



MninchniDA 
Bnckstnys . 

Suspenders 

(a) -End vor- 
ticalet. 

(b) -Piers... 
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P and if 
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ively. 
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a 
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and 



dU 

^^ roapect 
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a 
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a 
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Fand J 
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Ft 



— y 



/<!#. 



2lisecai 

y 

2/' 



fdx 



E 



dA 
dH 



H 



I 



V,H 



2 A« 


lysec* tti 
I 



Z I I 

J -J -J J""'-^ J —J- 



If we consider that 
and that for an approximately ])ara1)olic archpolygon we may write 
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dA 



we have Arom -^=0, the following expressious for the horizontal Btrcss: 



For case (a) — 



/r= 



^,J'^>'...+y',,afG+(-g^^'^^. + ^>'^j;^f)* 






de 



-, . (61) 



For case (b) — 



^'J'-^^'+Cj-T, 2/- '^"J+ 



Sf J J J 



h 



H-. 



(02). 



Equation (61) also gives, with 1i = 0f the horizontal thrust of an aroh stiffened by 
a straight girder (fig. 16). 





Fig. 16., 



Fig. 17. 



Equation (61) is filso applicable to the system represented in fig. 17, when li and 

f = 0f and y' =y jhhI the denominator of the exin-essiou is increased by the term 

Fo 
x-^r I deduced from the axial force in the girder. 

The same term, with siuuiltaueous substitution of /| =0, is to be added also to the 
denominators of equatiuus (61) aittl (G2) if, instead of the backstays, a straining 
beam with cross section = 2 Fi is ap|»lied. 
If we divide both iiiiun'rator ouil dcnoininator of the preceding equations liy Fo 
id inchide those tc imih not co:tt..l!iin;; tlio. nionicut of inertia J under the designa- 



and 



tions S and 9, the general cxpreHsiou for U becomes. 



/1^-+t!;»+SJ/'^ 



B= 



(63) 



fy'^dx 



J "*■ Fo 



Since the second term of the numerator, as compared with the first, can be 
neglected in all cases occurring in practice, we have a close approximation, 



I^'- 



dx 



H= 



/ 






(63^) 



y^ dx 



To 



t 
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in which x represents the quantity 



'/ 



J 



which is always very small. 

We will now suppose that the moment of inertia J of the girder can be assumed 
constant for a Kectional lenjj;^ a and assume Jm to be the moment of inertia for any 
assumed section between the (m — 1) tli and mtli suspenders. Then the two definite 
integrals in the above formula can bo n>solved into a series, which will be obtained 
by extending the integration to the diiierent sectional lengths am* Therefore, if we 
measure the abscissa x fh>m the (m — 1) th suspender, we may place, 

am am " 

when SJl^_, and ^^^ are tlie simple moments of the girder with reference to the 
joints m — 1 and m. Then wo obtain, 

On 

^ f^ydx = -^[ gjl„._i (2 y„.i + y„) + SR„ (2 y„ -f if«-i)], 







Om 



-1 r^2 dx= -V [y™., (2y„.i + y„) -f y„ (2 y„, + y„_i)]. 

«'m »/ O »/ni 



If we now further avssiimc a mean moment of inertia Jo and a mean sectional length 
Oil we have by summation, 



2 



0«/o L ^ •^m Oq «/in+l J 



and also, 





Placing for abbreviation, 

we finally obtain, by substitution in equation {C3^)y for the horizontal force due to 
the external forces, 

S= (65) 

^ _1_ * ^0 

Oq i^o 
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If the truss is snbjeot only to a single load G {Rg, 18) which lies at a distance ^ 
from the support, the two summatious of the preceding expression can be given a 







static significance which will make their determination possible also by graphical 
methods. That is to say, if arm represents tbejibscissa of any assumed joint, 



'roVm 





I 

* 



= G fi-^^ Xxmrrnf -j 2 («—«„) t7m"l= Gm^ 



in which m c represents the moment of a girder with free ends, the forces r being 

considered as acting in the verticals at the joints, and the moment being referred to 
the line of application of the load G . /i is the static moment, with reference to the 
chord ABf of these forces i' which are considered as acting horizontally tbroiigh the 
joints of the archpolygon. These moments can also be ro;wlily represented by the 
ordinates of equilibrium polygons. 
If the horizontal distance a between joints is constant we have. 



Vm = g-J- (2 Vm + ym-1 ) + 

and for a constant moment of inertia J, 



Jo 



6J. 



m-l-l 



(2!<m+ym+i); 



tJm = -g (ym-l-i-4ym-i-ym+l)5 

or with sufficiently close approximation, Vm = ^m* 
The graphical construction is to be made in precisely the same manner as in fig. 




Fio. 45. 



45 (see $ 16). We divide the area between the chv!iv\v^Q.Vs\yQ»Tk. ^tjAl <3^q^^ voiv.^ ^c^'^ 
of a width a, which can be assumed a» ©cvuaA to t\i«> «\:\«X^\it^ \i^V«^^\x >knx^\v^^n>^ss«.. 
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and compute tho load element r either from equation (64) or asaame them approxi- 
mately e<iual to y. Then with the pole distance p the two equilibriam polygons b 
'.\\u\ c are constructed for tho vertical and horizontal applications of the foroeH p« 
The ordinate drawn throu«2fli the ])oiut of loading of the equilibrium polyj'on b gives 
tiie horizontal stress H when the single load G is represented by #i lengtn which is 
coiii)>oHed of a section rion of the equilibrium polygon c on the chord JB, and the 

a J 

length n ni=c== — . ' That is to say, 

ap To 

H=z-^I — a (66) 

In a computed example I was assumed =50 meters, /= 6.5 meters, Z -^ J^y =-4^.506 

a 

meters, { i=15meters, and -—- = 2.(^9; the effect of the suspenders was neglected; 

it was assumed that a=2.5 meters, p=35 meters, whorefrom o =2.167 meters. For 

19 3 
the load at the center of the bridge the construction gave fl"= i- ;= 1.286 G, 

If the stiffening girder is a framed truss the preceding equations (63) to (66) can 
also be used. */ is then the moment of inertia of both upper and lower chonl; that 
is, with a cross section Ft for each chord and a distance h between theif centers of 

gravity, J=Fi — . J may be assumed constant for each panel length a or, in the 

first ap])roximaFte com]iutation, for the whole length of the truss. If we also wish 

to consider the effect of the web members we must, with refere^ce to equation (51), 

h c\ F 

increase the numerator in expressions (61) and (02) for Hj by —sec^ y2 G -JL jjy^ and 

a JP4 

h /«' 

the denominator bv — sec^ y 2" " y A^ y, in which 7"^ represents the cross secton of 

a* lu 

a web member, and y the angle of inclination of the member to the vertical. We 
must therofore place in case (0), equation (63), and in the following equations, 

S=n.figa^"--k^'^y'A^y-i-^8ec^r^^ ^^V 

s= l-Y. ^^^i,4-2i.«cc2ai + ^2|](J^y)2-h2/^<<7«a-.^wc'r2^^y. ^* y. 

But the influence of tho web members of the stiffening truss, as well as the sus- 
penders, so far as concerns the total change of form, is so small that these members 
may be neglected without aiijireciahlc error. For practical conditions, their influ- 
ence upon the value of // aniountH to not more than 0.3 to 0.5 per cent. 

If the<chain or arch ha^i tho form of a parabola and t!ie distance a between sus- 
penders be assumed to be infinitely small, we have, w^hen Ai=/' — / represents the 
distance of the c<}ntor of the arch from the axis of the girder, for the summations 
appearing in the expressions for /f, the following: 

2^=/. - y - '^^ ' ^^^ 

« 



If, further, wo assume the moment of inertia J^ to be constant for the whole length 
of the beam and = »/, we will have for a single load G distant f f^m a support, 

$ 2 
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Snbstituting this in equation (61) and designating by F^ the area of cross section 
of the suspenders corresponding to a linear meter of the girder, the liorizontal 
stress becomes, 



S'^' __ ^ _ ^. r rT~n , — : ~ — i^ — z 



15 



/''+fO + ?fOi + '-y— i+«^K/'-3/)/; + 32//-i 



(67) 



Neglecting the effect of the elongation of the suspenders and leaving out of con- 
sideration the weight of the chain itself we have. 



ff= 



4(l-4-^0-- 



®T + ^7FJ^-('+ TT+^i.-^c^a) 



(67*) 



The preceding e<]^uation will be sufficient, as a rule, for the first approximate com- 
putation, with which as a basis we can determine the variation of the moment of 
inertia J and then, repeat the computation with the more accurate equations (63) 
and (65). Of course, even in the first computation, a supposition in regard to the 

relation -~ is necessary ; but this value lies within certain limits for which the 
variations in fT is not very important. If v represents the relation -^ ^ and j^v 

FqJ* 

its variation, then, approximately, -~^- = — 3 . J v. With a height K and an area 
of cross section 2i''for the stiffening truss, v = ~- . y-f and this relation may be 

assumed in extreme cases as between and — . Between these limiting values, the 

variation in the horizontal stress would not amount to more than about 15 i^er cent. 
Applying the same method of computation to the development of equation (61,) 




Pio. 19. 

we may also deduce the expression for the horizontal stress in a girder continuous 
over the three spans (fig. 19). Wo will here content onrselvos with the approximate 
equation depending upon the assumption of a iiarabolic weightless chain and a 
stiffening girder with a constant moment of inertia. 

In the following let — 

/represent tlie versin of the chain in the middle span 2; 

jTi represent the versin of the chain in the side spans l\ ; 

J and J I the respective moments of inertia of the stiffening truss, and place for 
abbreviation, 

2(P-h^i^) 
i«(3« + 2Z,)— *• 

Then for a single load G on the middle span at a distance ^ from the support we 
have, with a parabolic chain, 

.- ay-'a)'H-'-? .(-i) -i..j,7C'-f)[(- i-> 



K'VIt:,)]' 



a 



(68) 



f 
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If the single load G^ is on a side span at a distance ^ from the abutment the h(»Ti~ 
eontal stress in the chain becomes, 

„ l[ay-'(i)V']^- ^lOzOyHiissOrCii') 

' The effect of the elongation of the snspenders is not considered in the above. 

If in the two preceding equations we place f. =.0, we obtain the expressions for 
the horizontal stress in a stiffening truss extending over three spans, but not oon- 
iinuotm over the center supports. If, on the other hand, we place l, = Oin equa- 
tion (68) we obtain the horizontal stress for a stiffening truss extending over only 
one opening and fixed horizontally at the ends. 

To determine the effect of moving loads it is preferable to make use of the principles 
of the method of moments. 

For this investigation and the later applications of this method, the general prin- 
ciples of the method of moments may be given hei*e. In order to obtain the diagram 
of moments for a given weight, whose effect as a moving load we wish to determine, 
we must draw the ordinatos of that weight at the point« and with values corre- 
sponding to the different positions of the load. The connecting curve then indicatee 
those points at which the effect of the load is greatest and least, and with its assist- 
ance we can also determine the most unfavorable position of any number of loads. 
Thus, if the diagram of moments is constructed for a moving load of a unit of weight, 
the value to be determiued for any number of weights is obtained by taking the sum 
of the products of the loads into the corresponding ordinates Y of the diagraia 
of moments. If, instead of the unit of weight, the diagram of moments is constructed 

for the force Gj we must take for the separate weights F the sum -— 2 P F. The 

diagram of moments is a definite curve when the ^rder is loaded uniformly. If, 
however, loading can occur in single points of the girder only, as is the case in main 
girders on wliicli rest cross girders, there is found instead of the curve an inscribed 
polygon with straight sides whose vertices lie in the verticals through the points of 
application of the loads. Let P be the load on a panel a, between two cross beams, 
for which the ordiuates of the diagram of moments for the moving load of a unit of 
weight are Y, and Y,,^ and lot e be the distance of this load from the first cross beam ; 
then the ordinate of the diagram of momenta at the point of application of the load 
is found from the equation 

P. Y=Y, ^'^^'^^ -\- Y„ -^, 

n which Y corresponds to the ordinates of the straight lines passing through the 
points Y, and Y,,. In order to determine the effect of a system of separate moving 
loads, which will be considered hereufterr we will suppose the separate sides of the 
diagram of moments pertaining to a loaded section 10 be inclined to the horizontal 
axis of abscissas at angles a\ a.j as, . . . while the loads 1\ P^ Pa . . . are located 
upon their projections. Then tlie total effect of these loads is represented by the sum 
Pi Yi -f- Pa Yz -f 7*3 1^3 -j- • • • ^^^ the variation in this value due to a movement of 
^ ^ by single loads of the system, if we presuppose that during this variation no new 
loads enter or leave the girder or pass a cross beam, will be, 

// f (Pi tg ai -f- P2 ig a^ -|- P3 ^^ as -f . . .), 

since the ordinate F, pertaining to any assumed load for a movement of ^^ changes 
its value hy ^ ^ tg a. 

This expression serves also for the case of a uniform load on the girder when ori 
a2 . . . represent the angles with the horizontal madeby tiie tangents to the diagram 
of momenta at points on the verticals through the loads, and J f represents a very 
small movement. We now ascertain whether, in order to have the most unfavorable 
j>L>sitJon of the load, motion is required to the right or the left, according as the 
expression in parenthesis has a positive or a negaWv^ ^^^) ^^^ ^b^ that in general 
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for a prominent valne, a load will be at a crossboam, etc. It is 1>etter to determine 
the exproRsion in parenthesis by construction, representing the loads upon the line 
of forces of the stress polygon and, starting witl^the beginning of tlie first load, con- 
structing a polygon whose sides form the angles ai a^ . . . . with tlie vertical, and 
have the lengths Pi P2 .... as vertical projections. The position of the extremity 
of this polygonal stress-line to the right or left of the line' of forces, decides as to the 
movement to be made. 

We finally obtain ft'om the diagram of moments also the effect of a fixed, uniformly- 
distributed load. This is proportional to the area between the axis of aoscissas and 
the diagram of moments corresponding to the loaded section. 

In order to obtain the diagram of the horizontal atreta or the horizontal-stress cvrve^ 
we must compute the diagram of moments from the previously developed equations 
for the different possible positions of a single load (which we will assume equal to 
the unit of weight) and lay off their values as ordinates on the verticals through 
the points of application of the loads. From this we find the horizontal stress lor 
any assumed loading either by a system of single loads or by a fixed load. That is 

to say, if we designate hy rfi m the ordinates of the horizontal-stress curve 

at the points of l£e loads Pi P9 we obtain the horizontal stress from 

-Br= Pi i;i + Pa I7i -f* . . . 

If, on the other hand, the load q per unit of length over the section x^ — a^i is dis- 
tributed uniformly^ the horizontal stress is, 

H = q I ijdx = q^f 

in which ^ represents the area of the horizontal-stress curve between the ordinates 
which limit the loaded section. If a hinge is introduced at the center of the stiffen- 
ing truss, then from equations (56) and (57) the horizontal-stress curve is given by 
the diagram of moments referred to the center cross section of the girder. For a 
simple girder, therefore, the horizontal-stress curve becomes a triangle with a mid- 

1 I 
die ordinate ^- G j. 

Example, — (a) In a suspension bridge stiffened by a continuous truss (fig. 19), let 

Z,=0.4t,/=0.1^/i = 0.()4Z|, J=5«r,, and -^j2=gQQ; then, g= <^^ 2x0.4 ~^'^^^ 

and there result from equations (67) and (68) the following values of the horizontal 
stress: 
Load in a side span, 

4- = 0.1 0.2 0.3 0.4 0.6 0.6 0.7 0.8 0.9 

H= -0.0635 -0.1285 -0.1942 -0.2566 -0.3095 -0.3431 -0.3453 -0.3012 -0.1930. G, 
Load in the middle span, 

-|-= 0.1 0.2 0.3 0.4 0.5 

H = 0.6206 1.2056 1.6783 1.9837 2.0801 . G. 

Fig. 20 gives the horizontal-stress curve drawn according to these values, 
(b) If the truss is not continuous over the middle supports we obtain with the 
same suppositions as above — 



For a load in a side span, 

1 
I 
H = 0.0690 0.1805 0.1791 0.2092 0.2197 . G; 



, = 0.1 0.2 0.3 0.4 0.6 

V 



For a load in the center span, 



-|-= 0.1 0.2 0:3 0.4 0.5 

H = 0.6388 1.0195 1.3991 1.6347 1.7166 . G. 
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As is evident from the expresHions for // the inagnitade of the horizontal Btreas U 
dependent upon the factor - . But the valtie of this factor lies for practical pur- 

}>08e8 within narrow limits, probably between one two-hnndredth and one eight- 
mndredth, for which, in the example treated above as (a), the horizontal atreas 




Fig. 90. 

wonld be between 0.85 and 1.021 times the compnted value. The maximum ralues 
of H wonld occur when ^=-=0 and would reach 1.093 times the computed value 
in the above example. 

$ 6. Maximum atreaaes in the ayaiem due to the live l&ad. 

1. Maximum horizontal atresaes. — The greatest tension in the chain or the greatest 
thrust, in the arch occurs when the center span is entirely covered by a uniformly 
distributed loud. For a system of single loads the most' unfavorable condition of 
loading is to be determined fiom the horizontal-stress curve according to the prin- 
ciples of the diagram of moments. 

Making the same suppositions for simplification and neglecting the same quantities 
:iH in eiiuntiotis (67*) and (68), the greatest horizontal stress due to a total uniform 
load (j) per unit of length) is found to be: 

For a truss extending over one span, 

*'..«=^ (69) 

and by. the introduction of a hinge at the center of the girder, 

^u* = ^ jr.pl; (fis*) 

for the continuous truss extending over three spans, 

in which N and Nx represent the denominators of the expressions (67*) and (68) res- 
pectively. 

2. Stresaea in the atiffening truaa,^For the determination of the maximum forces act- 
ing upon the stiffening truss, therefore for the determination of its dimenaionB, 



\-*jt 







Fig. 21. 



» knowledge of the maximum bending moments and shearing stressei it rsqnirad. For 
a plate girder we can from these dctermiuo in t\\Q \\^\\^\ \xv\i\vci«t V^<b ^i^AooMarY aroaa 
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of cross section ; for a ftramed j^irder with parallel chords the chord stresses are ob- 
tained from ihe moments, the stresses in the web system from tlio shears. According; 
to equations (46) and (47), the moment Af can, in fi^eneral, be represented by the 
product H Zf in which z is the vertical distance between the equilibrium polyf^on of 
the external forces and the axis of the archpolygon. The uiouients are to be taken 
with reference to the joints of the suspension system, which are opposite the corre- 
sponding panel points of the sti£fening truss, and accordingly (see lig. 21) we have, 

* * y (71)- 

If, as in the system shown in fig. 22*, the horisontal stress of the arch is taken up 
by the stiffening truss the axial strain produced thereby is, of course, to be consid- 
ered ill determining the dimensions of the truss. In a framed girder the stresses in 
the upper and lower chords in this case become, 



0» = — r+T 



= -(*•-¥) 



In general we can therefore write, 

0. = -^Hl 



fra) 



i^«= + X^J 



(73) 



if we understand by eo and 6a the distances of the equilibrium polygon from the axis 
of the archpolygon, assumed t-o be one of the two linos (in system shown in fig. 17, 
and fig. 23"^ which are obtained by moying the axis of the archpolygon vertically 

a distance — up or down. 

3. Curve of pressure : most unfavorable condition of loading, — To determine the most 
unfavorable action of the live load upon the stifl'ening truss it is advisable to first 
investigate the effect of a single moving load. If for this purpose we use the graph- 
ical method the problem becomes the construction of the ouuilibriumpoly£ron of the 
external forces for any assumed position of the load. This presents no* difficulties 
after we can obtain from the horizontal-stress curve the value of the horizontal 
stress upon which the constrnction of th^ equilibrium poiy^x^m is to be based. 

For a sti ffening truss extending only over one span the cqui i i bri um polygf )n must pass 
throughthepointsof upports Jand^of thechain. IiithiscaHewefindtheilirectiousof 
the sides of the equilibrium polygon simply as the resultants of the horizontal tension 
and the vertical abutment reaction due to the load, which latter is determined for a 

single load lying at a distance ^ from a support A by G — « — , hence by the ordinate 

of the straight line 6c (fig. 22). Carrying out the construction of the equilibrium 
polygon for the several positions of the load in the manner shown in the figure, we 
obtain for the locus of the point J?, in which the sides of the equilibrium polygon, 
cut each other in the load vertical, a curve K E K which we will call the curr« of 
pressure from analogy with the rigid arch, to be treated hereafter. Analytically the 
ordinate of this curve measured nom the chord ^ ^ is found from> 

_ G(Z-0 
^7— H.l ^ (^*> 

By the introduction of the approximate expression ifl^) for H we have, 

N,P 
'^= 6(p^.i^-.^) (75) 

From this last equation, for f = O, we obtain also the ordinate of the point K, 
while for the determination of this point by construction the relation A\ K = G 
ootg a is of assistance, a representing the angle of inclination of the tangent to the 
horizontal-stress curve at «. 



If the stiffening t . , . i - » 

Mt«rn»i titTven nnist alwnjH pass throiigh tbo poiut C,, on tlie ozu of the arch 
polygou and vertiaaUj ovur the hinj^e, smcelhemuinentaf this cioaa section iaeqnaJ 




nn/^^fSfS^Se^Um 




Tm.m. 
The eqimtiooe of these straight lines, irith reference to the ails of abMlasu J B 



it- 
- I 



(W) 
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Since from the preceding (equation 71) the stresses in the npper chord ri (fig. 22) and 
the lower chord «u are determined from the distances of the eqnilihriom polygon 
from the point M of the chain, we obtain by means of the point J^ which is the 
intersection of the connecting line Ai M with the curve of pressnre, that position of 
the single load for which a reversal of stress occurs in the npper and lower chords. 
For all loads lyine to the right of J, the intersection of the equilibrium polygon 
with ih» vertical through M will be above the chain, and z will, therefore, be nega- 
tive ; while for all loads lying to the left (up to the finally determined point of inter- 
section J\ of the connecting line B\ M and the curve of pressure), this intersection 
will fall below M, and z will therefore be positive. Therefore the loading of the sec- 
tion J B produces the maximum teimon in the upper chord r t and the maximum 
compression in the lower chord a «; while loading the other part A J of the truss 
produces the maximum compreMion in the upper chord and the maximum tension in 
Hhe lower chord. 

In those systems in which the horizontal stress is taken up by the chords of the stif- 
fening truss (fig. 17) and to which, therefore, equations (72) apply, two lines are to 
be used, as stated above, in place of the axis of the chainpolj gon, and distant from 

the latter J^^ -n, the upper line corresponding to the upper chord and the lower line to 

the lower chord (fig. 23). 

Analytically the abscissa fi of the limit of the load or the neutral point J, is 
determined from, 

^i=|vi (77) 

in which x find y represent the coordinates of the point M referred to the chord Ai 
Bx. If for vi we substitute the approximate expression (75), we obtain the definite 
equation, 

-fi» + Zfi«+2'fi=^.J (78) 

In case the stiffening truss is hinged at the center we obtain from equation (76) 
for the abscissa of the load limit, 

I l.y-\-2fx ^^^) 

If the truss is also continuous over the side spans a complication arises, since the 
equilibrium polygon can not be drawn through the points of suspension of the 
chain, due to the fact that the moment at the center supjtorts does not become equal 
to zero. 

If ^i z=H\\\i and SJI2 =^ni2 represent the moments of the vertical loads for a 

continuous truss at the two middle supports, the points of intersection of the equi- 
librium polygon with the verticals at the supports (according to fig. 14) are to be 
placed (nil — to) and (nij — to) respectively, above thepointsof support of the chain, in 
which the length to is determined from equations (49) and (50). The quantities 
9}^ and 80^3 and im and 1112 are to be determined by the theory of continuous trusses 
either analytically or graphically. 

In fig. 24 the graphical construction is shown, i^and F\ are th»fixed points in the cen- 
ter span to be determined in the usual manner. Let us placeC., E=B,, C,, — 3Fi C,, and 

"p V 1 PCI c\ 

E G=B C^—p] alsoplaceG5^ = jy. G, ^^^^~. This latter length is obtained in 

in the section M Toi the simple equilibrium polygon constructed on the load verti- 
cal with the horizontal stress H, The straight connecting line E i? gives in the sec- 
tion ML on the load vertical the length I^i and on the vertical placed symmet- 
rically as to the center, the length in,. If we now lay off these lengths on the ver- 
ticals at the supports and the height of the equilibrium i)olygon M T on P Ky we 
have in N K the equilibrium polygon in its correct position with regard to the 
chain curve. 

If we construct the equilibrium polygon for different positions of a single load we 
obtain again the curve of pressure E} K,, as the locus of the point K in which the 
sides of the equilibrium polygon intersect on the vertical through the position of the 
load. Moreover the sides of the different equilibrium polygons circumscribe a curve 
V U\, which we may designate as the inscribed curve of pressure. We also construct 
the curve -4,, Q, whose ordinates correspond to the moments at the sup])orts, reduced 
for if, for the various positions of the single load in a side snan. If for the siui^<e^ 
load acting at Qj Q be horizontally projected to Qi, the &tc9A^\»^xTSk!^^<^?«Vl^'0o:^viv^.<^ 
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V 



Qi to the fixed point Fi represents the line of tlie equilibrium polygon in the center 
span correHpondiug to this position of the load. 

There is now no difficulty in determining for any cross section of the stiffening 
truss the roost unfavorable conditions of loading with regard to the moments. If S 
represents the point on the curve lying in the vertical through the cross section, the 
tangent drawn through S to the inscribed curve of pressure by its intersection J 
with the curve of pressure determines the limit of loading in the middle span, while 
that in the left-side span is given through the point Q, 

In fig. 24, schemes lor loading are drawn for three different cross sections. 

4. Deiemiination of maximum momenU and maximum chord 9trt99t9, — (a) Method of 
diagram of momenU. — In a girder extending over only one span the moment produccil 
in the cross section Jlf by a single load is expressed by, 



Jlf=S»-^y = y[^-ff] 



(80) 




Fio.3i. 

For a moving load _ - represents the diiigrnm, constructed with the pole distance y, 

of the moments of a truss with free en<ls and therefore the moment M is proportional 
to the difference of the ordiuates of this diagram and the horizontal-stress curve. 
The diagram of simple moments is, as is known, given by a triangle whose height 

in the vertical at the cross section is = & ^—.^iL . But for this construction can also 

l.y 

be used the neutral point •/ (figs. 22 and 23), which, as shown previously, is obtained hj 

the aid of the curve of pressure and is projected to i in the horizontal's tress curve. 

If <^l and (t>>j represent the areas .lying above and below the horizontal-stress curve 

and bounded by it and the above-mentioned diagram (in fig. 22, surfaces ib h and 

a m i), then for a uniformly distributed load of p per unit of length we have, 



max(-f Jtf) = ^^iy 
max ( — M) = ^^ijf 



(81) 



In order to ascertain the areas ^ it suffices to determine the areas of the horizontal- 
stress curve either analytically or graphically and, reduced to the basis ^ , to lay 

them off as ordiuates of a curve hklj so that the area hVTh = Vk — -- (fig. 22). Then 
the ordinate t' A- corresponds to the horizontal-stress for a uniform loading of the seo- 
tion fiJ, and at the same time we haveac =: G=^^'- The reduction of the surface of 
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I>08ition that the dead load of the chain {k per unit of length) is uniformly distrib- 
uted, for the girder with length of span of A H--=l and supported at two points, 



from which, 



M.'{-^^-lcx(l-^x) = H.y; 



if=:aR4 ^ kx{l^x) — ny. 



ll. 



By neglecting the dead load of the chain or by including it in the forces acting in 








^"^ 



Fio. 13. 



the stiffening trnss, if we represent ^ by tho ordinates \) of an equilibrium polygon 

or equilibrium curve which was constructed for the external forces of the girder 
and for a pole distance = Hj we have, 



M=m-Hij = H(^—y) 



(46) 



The moment in th^sliffeninff girder is j therefore, proportional to the vertical distance hetwecn 
the equilibtium poli/yon fw th^ exicrual forccH constructed Ihrongh the points A and B, 
and the axis of the archpoJygon (lig. 13). 
For a continuous stilleuing girder extending over several spans ^ 



M,= ffy — if" J — Jlf'^-^=i^(^y— to"j 
whence we havci 



l^x 



m' 



y 



M=m-'Il(y-^i"j-m'l^y 



(«i7) 



when M' and M" represent the moments at the* points of support of a continuous 
girder, the points of support being at the suspenders and adjacent to the correspond- 




no. 14. 



ing spans. JIT and AT', with a given form of the archpolygon, can always be easily 
computed or constructed as distances m' and m", for a polo dUtA.\Sk&^ B.^=.'V« 

8649 6 
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In the caso represented in fig. 14^ where, with a symmetrical arrangement, the 
girder is prolonged over the two smaller side spans, but is not saspended itom the 
backstays, wc have, 

for the center span, Jf=5Ul — H(y — m) \ 

for the side spans, M= ^-{-H.m^-- \ ^^^ 

*i f 

For a nnifonn distribution of the stresses in the susponclers, that is, for a parabolic 
fhaincnrve, and approximately, also, for a parabolic archpolygon, we have witli 

the relation y ^= j between the spans, 

m = =-A__./ (49) 

and from this, 

for the center span, if = 3Jt — fl^ (^y — _-?_— f\\ 

2 X ^}. • . • (^a-) 

for the side spans, M= ^\ 4- H o 4. o y ' T**^ J 

If the girder is connected with the chain by Buspondors in the side spans, anf^l if 
we rlesignato by y the ordinate of the chain measured downward from the conuect- 
iug lino A By we also have, upon the supposition that the chain has the curve of a 
parabola, 



and from this, 

Z' 2 riH- r^) \ 

for the center span, 3f=gj^ — BKy 3.1. 9 f J 

(2 n -i- 1^3) X \ 



"^"^ ^ ^ . . (50*) 



For the computation of the shears ^>, the following formulas may be used: 
When the ginler extends over only one span, 

Q=£l — R.t^r (51) 

When the girder is continuous over several spans 

^ = Cl — fl(</7r — /^<T-f -— ~— -} (62) 

in which r represents the angle which the side of the archpolygon cut by the cross 
section, or the tangent to the chain curve, makes with the horizontal; and a the 
angle which the connecting line between the points of sup])ort of the chain makes 
with the horizontal (positive when directed downward), m' and m" are the same as 
above. 
For the case represented in fig. 14, we have, 



for the center span, <? = Q — II tg r 



2 / 



for the side spans, ^ = Cl -[- fl" -5 ^ — 



(53) 



If the girder is connected by suspenders with the chain in the side spans we 
have, in place of the second of equations (53), 

Q=^+n(^^). f +tg.-tgr) (54) 

3. l)(U)rm\ nation of the horizontal stresH //. — In the truss systems treated above 

the horizontal stress can only be statically determined when, throngh the method 

or constructiou, another condition is giveu tUat wUl remove the Qtatjc indeterml- 
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nation existing with reference to this stress. Thns, for instance, we mi^ht in the 
first place produce in the chniu a constant horizontal stress hy substituting an 
attacned weight for one of the anchortiges. The stiffening girder would in this case 
be subject to a constant uplifting duo to constant forces acting upward. Another 
arraugcineut which, however, h:iA so far only been proposed, consists in balancing 
fhe forceH in the abutment; that is, in bringing into a definite relation the vertical 
torces in the chain aud in the girder at the abutment by supporting both of these 




FiQ. 15. 



systoma upon a balancing contrivance (lig. 15.). 



If x = 






be the relation of the 



- t*i 

lever-arm suppportiug the girders to the arm supporting the chain, we have by 
this arrangement and the loading indicated in fig. 15, 



H = 



21 



K 



r^Ti^cotga 



(55) 



Finally, a statically dctonninate form may also be obtained by introducing a hinge 
in the stiffening truss. In this case wo must place the moment M for the cross sec- 
tion through the hiu^e equal to zero, whereby we obtain a determinate equation for 
IT. If we place the hin;i:e at the center of the truss and designate the moment of the 
free-ended girder with reference thereto by ^q we have, from equation (46) for a 

truss extending only over a single span. 



H- ^ , 
and for a continuous truss, from equation (48), 



(56) 



H = 



f—m, 



(57) 



But if none of the arrangements Just discussed is chosen we must, in accordance 
with the general statement previously made with reference to statically indertermi- 
nate systems, dedui'C the missing determinate equation for tbe horizontal stress 
from the elaMic cliauges of form of the system. For this purpose we can follow a 
different method. We can place the change of the ordiuates of the joints of Ihe 
archpolygon, increased by the change in length of the suspenders, equal to the 
deflections of the stiffening truss, and develop therefrom the expression for the hori- 
zontal stress. But wo arrive at this in a shorter way bj' the application of the 
** theorem of least work to produce change of form." 

Let P represent the axial force, .l/thc bending moment which acts ujion the cross 
sections of the separate parts of tlio system whose length we will represent by »; 
let F be th6 area of cross section and J its moment of inertia with reference to an 
axis thn)ugh its center of gravity; and let E be the coefficient of ehasticity; then 
the expression for " work to produce change of form," evidently becomes. 



=J2EF^'-^j 



2EJ 



ds^= min. 



(58) 



and the equation of condition deduced therefrom with reference to the case in ques- 
tion becomes, 

dA r P dP , . r M dM ^ 

T dH ^' = ^ (^^) 



A _ r P_ dP , . Tjl 
H-J EF dH ^'"^J E 



To apply this equation it is necessary to express the axial force and the momenl 
for the separate parte of the system in terms of the external fox^^f^ ^joA.*C^^\is^*»ssr«o«^ 
horizontal strain H. 
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(b) Determination of th^ars from ths equilibrium polygon for parUal loa^ng, — ^Wlth 
the aid of the second carve of pressure we may again draw, for partial loading, the 
eqailibrinm polygon and the stress polygon belonging to it (fig. 26b). In the Tatter 
we have a/3 = Q^, ay = n tang r, when Oy is drawn at an angle r and therefore 

^/9= Q for the loading of the part JB of the tmss. Similarly yfi' givee the nhear 
for the loading of the section MBj consequently fifi' is the maximum positive shear 
+ QxMo. in the cross section M. 

Upon the supposition that the carve of the chain is a parabola the following 
expressions for the maximum shears may be developed : 

For a truss with a center hinge, 

x=0 to 0.25 I tnox ( J: 0) = J: -^r ffl JTi g) 



x=0.25to 0.5 I «ax(±e) = =t^^~Vp 



(88) 



The absolute maximum shears occur at the supports and at the center of the tmss, 

and their actual values are max (^ Q) = ^ pi and — pi, respectively. 

6 o 

For a truss without a hinge we have, 



max(+Q)=p(l — x) < 



K-f)-M(-V)[(T)1 

[-f(T)VI(T)V(^)+.] 



(89) 



In the cross sections at the ends of the truss fh>m « = 0to «=-2 C^ — 26~fJ 
there is added to the above expression the quantity, 

-''^+';[-(f)"+K^)-K?-)']-^('-»'). • <•» 



in which ^-i is determined from, 

f r r.x ________ 



^,(I« + lf*-frt = -n077nZ9^x ....... (91) 



Moreover, for total loading, 

gtot=l»(l-2a5)[i--J{-] . .• (92) 

and, • . 

max (— ^ = ^ — max ( + Q). 

At the supports the shear attains its maximum value, and this becomes for the 
approximation N = 8 -J, 

aheol. max (+ Q) = 0.1523 j»I. 
For the center of the truss, 

«MW5 (+ C) = ± -g- pl. 

In figs. 27a and 27b the curves of maximun shear are represented. 

6. pJfect of changes of temperature, — If ( represents the change of tempentnre with 
reference to the unstrained condition and cj tne coefficient of expansion, then the defi- 
nite equation for the horizontal stress H, replacing equation (69)» beoomesy 

// P \ dP r If dM 

K-JSF + '^OTM'^'+J'EJdS^^^'^ • • • . (93) 
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If th« denominaton of expressloiu (61), (62), etc., be repieMnted bj JV^i, Nm, eto.< 
the ilevulopment of equatino (93) in a method eimilar to that need ou pages 81 
and &5, gives for the correaponding cases the following exprsHxiuns for S, 



n + 2 1, «rf a, — / ( 2 :^> + 2 (p a^n n S u * 



{.' 



1 + 2 1, 1 



-/•(x^ + 2»o-'jo.))"]j'.«" 



and by neglecting the effect of the anspeDdera, 

In the trnas sjatem represented in flg. 17 a niiifoTm cbanee of temperatnre in all 
the iiikTla of the aTstem produces no stresses. On the otlier band, if the teraperatnr* 
of the arch should change by t, and that of the stiffening truss and snspenders by 
1', the horizontal stress beoomes, 

("f — si <J'y)ji;B.u(l— C) 



Ht = +- 



■«i.+2 



(96) 




tSrdtt vltbaat hinge. 

In stifFenlnK trasses hinged at the center changes of temperature bav 
For the dfltermiii»tion of moments and shears we may use 



Inaaimilarmanner wecanalso det«raiine the effect of aehifttog of the chain Inp- 

Crts which mayoccureitlierby a oomprcssionof the socborages or by the backstays 
coining stretched taut by loading. If, ttom these causes, the span is diminished 
by SI the variation JH in the horizontal atress is determined from. 
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For the approximate assumption of a ])arabolical chain the denomimatora of 
expressions (94), (95), and (97) are to be replaced by 

in which ^represents the denominator of expression (67»). 

Ill a truss continuons over three spans the horizontal stress due to a nniform 
change of temperature in the whole system becomes 

fl. = -^-j^- =L . ... (98) 

In the example for which the maximum moments due to the live load ( p = 5 < ') are 
shown in fig. 25 we obtain from equation (95) for the horizoutal stress due to a dif- 
ference of temperature of -{- 30"^, 

xr _ (50-h38.1) 0.03 X 20 000 000 X 0.0000118 X 30 _ -r: on 1 ♦ 
Hi 642.39— T29.lt. 

The resulting moment in the middle of the stiffening truss reaches a value of J^ 
189.1 t m. 

The stresses due to changes of temperature or yielding of the anchorages can there- 
fore reach rather high values in the sytem of stilfeucd suspension bridges under con- 
sideration. The arched coiistnictiou (fig. 16 or 17) has advantages in this respect. 
Material advantages are gained by the removal of thci>e stresses of deformation and 
this removal is attained by the introduction of a hinge in the stifVuning truss. 

7. Secondary straina. — In the tlieory of stiffen ed8US[»ension bridges developed here- 
tofore joints without friction were presupposed in the chain as well as in thestiflfen- 
ing truss. As to the effect of the firm riveting of the latter we may call attention to 
the general discusHion in C-hapter IX on the secondary stresses in framed trusses, and 
wc need investigate here only the effect of the friction between the links of the chain 
upon the magnitude of the horizontal stress and the external stresses of the stiffening 
truss. 

In wire-cable bridges thi.s resistance of friction is replaced by the stiffness of tlio 
cables, but this latter is of ho little significance that it may be left out of consideration. 

If, with a diameter of pin d and a coeflicient of friction tp and with a stress T in 

d 
the chain, the moment of friction be designated by Mp =^ <p T ^ or approximately 

d 
by Mp =.q> H ^ , the bending moment of the girder becomes, 

M^m.-Hy^ Mp= SR - ^ (^y 4- tp^^ 

The expressions for //"(ecpiations 61-65) developed in $ 5 therefore remain unchanged, 
except that the ordinate y of the arch is to be increased by tp ; but since this 

quantity as compared withy is always very small (with a coefficient of friction 
<^=i0.2, cp will always amount to only a few millimeters) it can be neglected in the 

expression for H. The friction hclwcvn the links of thf chain has therefore no appreciabte 
ejftct upon the value of the horizontal 8trr8>f. Tlie external stresses of the stiffening 
truss also experience only an inconsiderable change and, indeed, the moments are 

diminished by the moment of friction, (pB We can, however, account for this 

circumstance by considering that the axis of the chainpolygon is moved <p r down- 

ward. 

As a rule, however, the bendiug stress in the links of the chain produced by the 
moment of friction is not to be neglected. Its computation is made in the usual 
manner. 

$7. Computation of deflections. 

(a) Deflection due to loading. — ^According to the theorem of Castigliano we obtain 
the motion of any assumed point on an elastic system from the differential coeflicient 
of the work of deformation due to the action of a force presupposed to be acting at 
tho point UDder consideration and in the direction of the motion. 
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Id fie. 28 let a single load G act upon the trass ^ B at a distance ^ ft*om the snp- 
port Let the axial forces and moments produced thereby be represented by Pc^'^^ 




if*. Then the deflection in a cross section whose abscissa is x is found from, 

when Px and Mx represent the axial force and moment for a load Ox acting at x 
Write the horizontal forces corresponding to the positions ^ and x of the load as 
H, = htG and Hx =^hx*G, in which the coefficients h( and hx are to be taken from 

equations (61) to (67*) developed aboYe, or from the horizontal-stress curve, and are 

dPx dPx h ^^^ d Jfx - 
therefore to be assumed as known. We have ^q = j-ff- ' *«» dcT* ^^ d H ^ 

and obtain for a truss without hinge and extending over one spau : 

Main chains, 5^= J ^«- -^ • -EF'^lT^WF^ *^ 

2 



X* 



Backstays, 
Suspenders, 



n 



-' - ^.-ai ■ hf hx 2 

a ^EFo * « 



.Q 



a jar c 

= 2 £r*.aeo a. JAi^-^ \x see ai= -#^ ^r *«• ^i«<»«ai . O 
• ii i'o«ec ai E Fo «• 



Girder, 



In which HI., represents the moment, with reference to the point M, of a simple 
truss for which the moment area correspouding to the positiou of the unit of load at 
C, represents the load area. Therefore we have the expressions. 



nix = [2U-^-a!*] -^^^ 



for ac < f 



(100) 
(100») 



Furthermore, m. and irx represent the moments for the verticals through C and If, 

respectively, which occur in a simple truss whoso loa«l area is formed by the area 
between the chainpolygon and chord. ^ is the double static moment of this area with 

reference to the chord. Now, since from equation (66), kf = - ^^ and Xx = — ^ — , 
we have mihx = mxh^, and from the summation of the values of 



dO, 






(101) 
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If we cousidcT that the first quantity iu parenthesis in the preceding expression 
according to the notation introduced hecomes == .^op, and that«ix = i^x (m + cp}, 
we finally obtain for the deflection of the trass at M the simple relation, 

17*=-— [.m,-^j«K].<?, ....:.. . (101-) 

which could also have been deduced directly from the differential equation of the 

»J ■%£■ 

elastic line _^- = _ _ . In the preceding expression for 7? -nix is determined 
from equation (100) ; h^ hf equations (63) to (67*) ; and mx from; 

X I 

m^ = t^- fxydx-^^-rif(l-'X)dx (102) 

9 • 

and for a parabolic chain from 



mx=y^(af' — 2la:»H-P) (102») 

From this a simple graphical construction may be obtained for the ordinates of the 
elastic line. In its character it is similar to that used in figs. 1* to I'on PI. i, for the 
arch hinged at the abutments. That is, if we write the expression for ij in the form 

V — £j[ "£- — ^^ jO, it may be considered as the difference between the ordinates 

of two equilibrium polygons, of which one (I) corresponds with the horizontal-stress 
curve, while the other (III) was constructed for the simple area of moments (fig. 1^) 
as a load area. The latter is drawn from the polygon of forces (fig. 1') with if^as 
the pole distance. IfCi and Cs be the ordinates of the two equilibrium polygons 
measured by the scale of length, a the width of the strips into which the load area 

is divided, J? the pole distance of the force polygon (fig. l** and 10, we have 7^= ^j 

(Cs — Ci) B^€ ^nd the scale upon which the ordinates of deflection are to be measured 

EJ 
is constructed ^^^^^rr^ times the unit of length. 

11 45 
In the example on p. 88, J=0.0625m^ a = 2.5m,j) = 35 m, jy{ = -2^-Q-G=0.764G, 

jl?= 20,000,000 t per square meter. If the scale of 1 meter=2 millimeters is chosen, 
the scale for the ordinates of deflection becomes 1 millimeter =37.4 millimeters. 

With the aid of the deflections for a unit load represented in cross section C no 
further di flic ulty is found in obtaining the resultant deflection in cross section C 
due to any assumed system of single loads, or to a uniformly distributed load. On 
the theory of the reciprocity of motion the deflection in C for a load lying in M 
equals the deflection in M for an equal load in C. In order, therefore, to obtain the 
total deflection in 6* we must take the sum of the ordinates of the deflection poly- 
gon measured ou tlie load verticals and multiplied by the corresponding loads. 

The above construction, which presupposes a constant moment of inertia of the 
stiffening truss, may also be applied with a variable moment of inertia. If Jo rep- 
resents a definite moment of inertia and J the moment of inertia at any assumed 
point, we must reduce the ordinates of the load areas (that is, the areas between the 

axis of the arch and chord) and the simple moment areas iu the proportion -^ and 

then carry out the construction of these reduced areas as above. In the arched 
truss exemplified on PI. i the variation of the moment of inertia was taken into 
consideration. 
In the stiffening truss hinged at the center we must introduce in equation (101), which- 

determines the ordinates of deflection, ht = -I- and km = J^ in which we assume S 

2/ 2/ 

and xsL9<C ~2' Replacing the first expression in the parenthesis, which gives the 
effect of the axial strains, by 1 for abbreviation, we obtain. 
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The qnantities nix; fh ^x» and mt have the same signiftcationB as mentioned above. 
For X > 4 '^^ have, 

'' = T^>7^ + 17[«'^ + ^-^^^-2/ ["xf +»j(l-*)]] • (103.) 

By the introdnctinn of the values of nii, )i, and m, which are applicable for a para> 
bolic chain, we ubtaiu the following expresbions : 

Fori<f<-|: 

V = ^fP^+g^J^i^^^-^P^ + '^^^^('^ + ^)-^^^'^+P)-^'^n . (104) 
Forx>f<-J-: 

For«>-J.>f: 

' = ^/'£fl'' + w7?f'^('-«+'*('-*>'-''l . . . (106) 

We can also apply the graphical method to the determination of the ordinates of . 
deflection. Equation (lOB) may be written: 



when, 



7 = j^(mx— *^mK) + a?-* (107) 



The expression in parenthesis in equation (107) can again, as above, be repre- 
sented as the differences between the two equilibrium polygons I and 111 (fig. I'^l'^ 
PI. I) in which, however, the simple moment area [fig. l^') is to be drawn from the 

force polygon (fig. 1«) based on a pole distance H$=0 — ^ . In order to obtain the 

deflections the vertical distances of the two equilibrium polygons are to be increased 
by the ordinates of a triangle whose greatest height at the center of the bridge is 

fi What has been said applies also to the effeot of a system of loads or of 

a fixed load. 

(b) Deflection due to changes of temperature or moving of the chain supports. — Equation 
(101*), which determines &e deflection ordinate at a distance x from the end of the 
truss, applies also for the case in which the changes of form are due not to loading, 
but to effect of temperature changes or to the shifting of the chain saddles. In this 
case nix=0 and Qh^ = Mt, the horizontal stress due to these influences. Hence, 

Tf=.-^JjStn^ (109) 

In which Ht is to be deduced from eauations (94) to (96) for changes of tempera- 
ture and from equation (97) for a yielaing of the anchorage end of the chain, while 
mx is determined from equations (102) and (102<*). As the quantity mx is propor- 
tional to tho horizontal stress due to a single load lying at the point x, the deflections 
of the stiffening truss are determined ^so from the ordinates of the horizontal- 
stress curve; that is, from the equilibrium polygon I (fig. P PI. i) for which (using 

IS J 
the above notation) the unit of scale to be used shall be ^^ - times the unit of 

the scale of length. 

In a stiffening truss hinged at the center there occ\3lt% ^ Xiafe ^woX. x \^ *i^ ' 
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depression or rise, due to a change in length of the chain, which may be determined 
from 17= J/. ^- in which J fis determined by equations (32) to (37). 

( 8. Mare accurate theory of the archpolygon with etraight etiffening girder. 

The theory developed in the preceding paragraphs and based upon the application 
of the theory as to tne work necessary to produce change of form, gives satisfactory 
results only for systems in which very small (eliistic) changes of form occur. There* 
fore, in the systems treated above, the admissibility of this approximate method of 
computation depends upon the degree of coiiipleteness with which the stiifening 
truss performs its task of overcoming the slackness of the system. If this trass Is 
weekly proportioned (as is the case in such half-stiffened snsx>ension bridges as the 
older structures), that is, if it possesses but a small moment of inertia, the static 
changes of form of the archpolygon can not be left out of consideration, and a 
closer method of computation must be employed. 

Let Hg be the horizontal stress in the chain in its normal position of equilibrium, 
for whicn a curve of parabolic form may be assumed. We may then consider ITg as 
the effect of the constant load of the weight of the structure. Let the streeaes in 
the suspenders under this load be to (per unit of length) and the dead load doe to 
the chain be A;, then from equation (44) the differential equation of tiie curve of the 
cable becomes, 

Let a load q Tper unit of length) upon the girder change the stress in the bob- 
penders to «i, the horizontal stress to {Hg-\-B)f the ordinate of the onrve of the 
cable to y 4* 7* <^d then there again exists between these quantities the relation, 

-(S, + S)%^=», + k (fi) 

But by the addition of the load q a deflection of the stiffening truss is also pro- 
duced. If we neglect the elongation of the suspenders this additional deflection 
of tlio truss can be placed equal to the depression tj of the chain at the 2>oint8 lying 
in the same verticals, so that ri is the ordinate of the elastic line of the girder for 
which we have the differential equation, 

eJ^=9-(»i—o) (y) 

The addition of a, fl, y gives 

If for abbreviation we place, 

^i?^=<^' (110) 

the integration of the above differential equation, under the supposition that J^and 
9 are constant within the limits of integration, gives, 






^V — 
d 



or, since with a parabolic form of the chain -— ? = — ^and %^ = 0, 
From the forces q — (fi — Bq) acting upon the girder, there results a moment 

Jtf=a»-(ir+^g)(y + ^)+^gy, that is, 

Jf=ajt-(^+Hg),7-JBry, (Ul) 
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when 92 represents the moment of the load q for a trass resting npon two supports. 
Hence we have, 

« 

Equating (a) and (e) and substituting y =-jJ- «(«—«) we obtain when we finally 
introduce the constants Ci = — =— and Ca = — ^— instead of A and B, 

• 

The constants d and Ca of the preceding equation are determined from the condi- 
tion that for x=:0 and x = lwe must have ?f = 0. If the live load q extertds only 
over a part of the span, different values of the constants for the loaded and unloaded 
sections are to be introduced in the equation of the elastic line. The necessary 
determinate equations follow from the condition that for the limiting points the 

dn 
same viJnes of 7/ and j-f must be obtained from the two adjoining sections. 

The substitution of the value of tf in equation (111) gives for the moment the 
equation, 

lf=--ff LCr,««« + C,e-c« + ^(^?/-^^J . . • 1 (111*) 

From equation (111) we see that the moment M due to the live load g is no longer 
proportional to that load, but that its value is also influenced by the horizontal 
strain Hg which was present in the structure before the application of the load q, 
Coiii])ared with the approximate theory, — {H 4- -H«) V gives the effect of the change 
of I'oiin and of the initial strain Hg of the chain. This acts advantageously in a stif- 
fened suspension structure since in the case of loading which produces the |;roatest 
positive moment, 77 becomes positive and the moment is therefore dimmished; 
and this holds good also for the numerical value of the negative moment. In an 
arehed-rib structure, however, the reverse is the case, since the deflection of the 
truHR produces an increase in the moment. Uhe proportion of the member 
— {H-{- Hg) 7; to the approximate value of the moment SQ^ — ^y can, of course, under 

certain circumstances, become quite large even in a rigid truss ; for instance, for 
cross sections for which SR — J? y becomes very small or equal t^ zero. On the other 

hand, we have for those cases of loading which correspond to the maxium moments, 
an appreciable efl'ect from this change of form only when the coefficient c in the 
preceding equations attains a certain value, as is the case with a small moment 
of inertia J. 

From equation (111*^) the moments of the stiffening tniss under a definite loading 
can be computed exactly only when the horizontal stress II is known. As the 
changes of form of the chain will in general be very small, it may be ascertained in 
advaui'e that this horizontal stress will vary but little from the value which is 
obtained from the preceding approximate formulas ($5.) We can therefore gener- 
ally content ourselves with computing the moments from formula (111*) with this 
approximate value of the horizontal stress. 

However, if it is desired to determine i7more accurately, it can be done with the 
help of the condition that for small changes of form the work of the forces «i -f Jt 
acting upon the chain must equal the work of the internal strains in the chain for 
changes of form; therefore, retaining the above notation, 



From equation (ft) we may write with close approximation, 
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and ftirther for abbreviation writing 2 - — +2 1 1 tetfl at = Z, in which for a parabolic 
chain, 

X= I (l + -3 --^-^ + 2 I, f«d»a, , 

there results by the substitution of 17 from equation (112), 



j[c...+c..-e«+4.(^a«- ._) + .«^_iZ£y-)] 



dx 



Fo 8/ ' 
firom which the horizontal stress JET is computed: 

I 



H = 



•^^'"-")" 



• • 



-y(C»ec» + c,a-cx)<l«+J/^-4J + c» 



J PL 

Fo 8/ 



To apply this formula it is necessary first to determine the approximate value of 

/*mydx 

H according to the preceding method, that is, from H=- -5 =-=r, and with 

with thi8 value to compute the quantities 0, Ci, and d of the above formula. 

Equations (111'^) and (113) apply for any assumed condition of loading. In tho 
followiugletus apply them tintt to the case in which the loading consists of only a 
siugle load lying at distancos ^ and l-^^=z^' from the supports. For this case the 
following values of the constants are determined : 

For the length from to ^, 

For the length from ^ to 7, 

Whence we obtain, 

S= —= Fil ...... (114) 

if we place for abbreviation, 

+ |p<*"'+*~*'-2)S C"**) 

The moments acting upon the stiffening trass are then to be computed by equation 
(111»). 



xeUtion 

isthere- 

iohpTO- 

Ung. 

8to in a 

per anift 

in— 



. (115) 



ng to the 
hioh eor- 

and gftre 
iternunod 



udM 



foUowJ 

•iuule 

folloiri 

Fori 



Seal Dsnedliiins 





109 

According to this more accurate theory, as already mentioned above, no relation 
exints between the loads and the internal strains. The method of moments is there- 
fore not applicable, and the horizontal stress and moments and shears whi<;h pro- 
duce the internal strains must be computed separately for every case of loading. 

Below are given the formulas for that case in which the loading consists in a 
uniform load p per unit of leneth covering the entire span, and a load q per unit 
of length extending from the left point of support to the point f. We obtain — 
for the length from to |> 



c=2 



^(«««' + e-«f'-2) + («+«_i?') (!-•-««) 



for the length from f to I, 

•nd sabstitntion in equation (113) gives, 

Here H is the horizontal stress produced by the load p + 9 when, according to the 
above = "^ ' and Hg represents the horizontal stress in the chain which cor- 

responds to the condition of equilibrium of the chain when the loads p and ^ are 
omitted. Then for the computation of the quantity c the value of S determined 
according to the approximate method will be of service. 
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